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Abstract
Terahertz waves enable many applications such as microscopic imaging with
a very high spatial resolution due to the (sub-)mm wavelength. Moreover, many
optically opaque materials such as paper, envelopes, clothes, or many kinds of plas-
tic are transparent to terahertz radiation. Additionally, the corresponding photon
energy of the terahertz radiation, 1 - 100 meV, is harmless for various materials and
biomolecules. Therefore, the terahertz wave is much safer in medical applications
compared to X-rays waves. The development of technology to enhance terahertz de-
vices (sources and detectors) was one of the biggest challenges in the terahertz field.
Conventional interdigitated photomixers are one of the main efficient devices that
can generate and detect terahertz radiation. However, these types of photomixers
have many limitations that restricted the operation performance.
This dissertation presents new types of terahertz photomixers based on nanoelec-
trodes (single and multilayer graphene) that significantly enhance the terahertz out-
put power, detection sensitivity, and operational performance. The nanoelectrodes
design enhances the device characteristics directly and the operational performance.
The DC measurements of the graphene photomixers indicated highly improved per-
formance as compared to the conventional devices. The graphene photomixers
showed a large increase in the generated photocurrent (more than one order of
magnitude) and proved the device’s reliability under very high bias voltage without
damage. The terahertz measurement results of the graphene photomixers clearly
enhanced by 30 times due to the effect of high transparency, electrical conductivity,
and thermal conductivity of the graphene. The improvement of the terahertz output
power in graphene devices compared to the conventional devices leads to potential
applications in a higher terahertz frequency range.
This dissertation presents a novel approach to enhance the terahertz output
power of the new types of photomixers with hybrid nanoelectrodes based on graphene
and silver nanowires. Similar to graphene photomixers, the hybrid nanoelectrodes
photomixers recorded even higher generated photocurrent (more than two orders
of magnitude), 50 times higher terahertz output power, and device reliability under
very high bias voltage without damage as compared to the conventional interdigi-
tated photomixers. In this dissertation, all respective fabrication, characterization,
and measurement details are presented and described.

Zusammenfassung
Terahertzwellen ermöglichen viele Anwedungen, wie makroskopische Bildge-
bung mit sehr hoher räumlicher Auflösung dank der sub-Millimeter Wellenlänge.
Außerdem sind viele lichtundurchlässige Materialien, wie Papier, Briefumschläge,
Kleidung, sowie viele Plastiken transparent gegenüber Terahetzstrahlung. Darüber
hinaus ist die entsprechende Photonenenergie der Terahertzstrahlung, 1 - 100 meV,
für viele Materialien und biologischem Gewebe unschädlich. Deswegen ist Terahetz-
strahlung im medizinischen Umfeld viel sicherer im Vergleich zu Röntgenstrahlung.
Die technologische Entwicklung, um Terahertzbauteile (Quellen und Detektoren) zu
verbessern war eine der größten Herausforderungen im Bereich von Terahertz. Her-
kömmliche fingerförmig ineinandergreifende Photomischer sind die effizientesten
Bauteile, welche Terahertzstrahlung erzeugen und detektieren können. Jedoch hat
dieser Typ von Photomischern viele Einschränkungen, die die Leistungsfähigkeit
begrenzen.
Diese Dissertation präsentiert neue Arten von Terahertz Photomischern basie-
rend auf Nanoelektroden (einschichtiges und mehrschichtiges Graphen), welche
die Terahertz Ausgangsleistung, die Detektorsensitivität und Leistungsfähigkeit si-
gnifikant erhöht. Das Nanoelektrodendesign verbessert die Bauteilcharakteristik
und Leistungsfähigkeit direkt. Gleichstrommessungen von Graphenphotomischern
zeigen eine deutliche Leistungssteigerung im Vergleich zu herkömmlichen Bauteilen.
Graphenphotomischer zeigen eine große Steigerung des Photostroms (mehr als eine
Größenordnung) und zeigen eine hohe Zuverlässigkeit, da sie hohe Biasspannun-
gen ohne Schaden überstehen. Terahertzmessungen von Graphenphotomischer
zeigen eine Erhöhung der Ausgangsleisgung um einen Faktor von 30 dank erhöhter
Transparenz, sowie elektrischer und thermischer Leitfähigkeit des Graphens. Die
Verbesserung der Terahertzausgangsleistung der graphenbasierenden Bauteile im
Vergleich zu herkömmlichen Bauteilen ermöglicht das Potential für Anwendungen
in einem Bereich höherer Terahertzfrequenzen.
Diese Arbeit präsentiert außerdem einen neuartigen Ansatz, um die Terahertz-
ausgangsleistung von Photomischern mit hybriden Nanoelektroden basierend auf
Graphen und Silbernanodrähten zu steigern. Ähnlich zu Graphenphotomischern,
zeigen Photomischer mit hybriden Nanoelektroden einen noch größeren Photo-
strom (mehr als zwei Größenordnungen), 50 fache Terahertzausgangsleistung, so-
wie die Möglichkeit hoher Biasspannungen ohne Beschädigungen im Vergleich
zu herkömmlichen fingerförmig ineinandergreifenden Photomischern. In dieser
Dissertation sind alle Details zu Prozessierungsschritten, Charakterisierungen und
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Terahertz (THz) radiation falls in between infrared radiation and microwave radi-
ation in the electromagnetic spectrum. It covers the frequencies range between
0.1 THz and 10 THz. For a long time, due to the impossibility to overcome the limi-
tation of the high-frequency end of RF sources or the low-frequency end of optical
emitters, this frequency range had called the THz gap. Despite the difficulties to close
this gap, this range of frequencies, whose wavelengths are from 3 mm to 30 µm and
energy range from 0.4 to 40 meV, has attracted the scientific community. The interest
in this frequency range is attributed to the wide potential applications in security
[1], imaging [2], biology [3], medicine [4], material spectroscopy [5], and many other
application fields. To fulfill such application requirements, many efforts were done
within the last decade to fabricate and improve highly powerful THz sources with
high cut-off frequencies of up to several THz at room temperature operation and
highly sensitive THz detectors [6–9]. With the modern advances in this field, various
THz sources are available nowadays. Currently, the main sources for THz radiation
are based on either electronic sources, optical sources, or optoelectronic sources
(photomixers). Photomixers are suitable for THz generation and detection. A pho-
tomixer uses interdigitated metal electrodes, such as gold material, placed on top
of a planar high-speed photoconductive material such as low-temperature-grown
(LTG) gallium arsenide (GaAs) [10]. The THz generation is defined as an optical
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heterodyne down-conversion of the optical beat signal, which consists of two optical
laser sources. When the optical beat signal illuminates the active area of the pho-
tomixer, the THz photocurrent oscillation is generated at a frequency corresponding
to the frequency difference between the two optical laser sources. By the applied
biased field the generated photocurrent is tapped off there via gold electrodes and
coupled to a suitable antenna for THz radiation into the photoconductive material.
These photomixers have limitations. The gold opaqueness reduces the optical to
electrical conversion efficiency that results in very low output power. Moreover,
the combination of the optical power and the electrical power in the device causes
heating [11]. Such heating can result in device thermal failure. Furthermore, the
spectral bandwidth of a photomixer has two roll-off characteristics, the carrier life-
time and the device capacitance. At the low range of THz frequency, the main roll-off
that limits the output power is the carrier lifetime. On the other hand, at the high
range of THz frequency, the capacitance roll-off limits the spectral bandwidth of the
photomixer. The lower photomixer capacitance results in higher THz output power
at the upper part of the THz range. It is still necessary to obtain high-performance
photomixer sources for several THz to be useful for extended practical applications.
Transparent nanoelectrodes instead of the conventional metal electrodes can
improve the optical to electrical conversion efficiency and improve the reliability of
the device. The nanoelectrodes configurations and technological steps can result
in higher photocurrent as well as higher radiated power. These improvements are
independent of the usual device optimization, which needs to change the band
structure of the photoconductive material to reduce the carrier lifetime and change
the antenna configuration to obtain better match impedance [12–15].
Terahertz antennas based on plasmonic resonant graphene sheets were analyzed
and designed using Ansys HFSS software by M. Tamagnone et al. [16]. The authors
showed that graphene is a promising material for the realization of miniaturized
resonant THz antennas. The radiation efficiency is good given the extremely small
electrical size, leading to performances even better as compared to the metal imple-
mentations. Additionally, the authors showed that their concept and analysis can be
extended to enable dynamic reconfiguration of the terahertz plasmonic antenna
concept using a graphene stack [17]. In 2013, V. Ryzhii et al. proposed a terahertz
photomixing using plasma resonances in double-graphene layer structures [18]. The
concept of terahertz photomixing enabled by the interband electron transitions due
to the absorption of modulated optical radiation in double-graphene layer structures
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and the resonant excitation of plasma oscillations. According to their device model
calculations, the model predicts that the radiation output power can exhibit sharp
plasma resonant peaks in the THz range with the peak power markedly exceeding
that at relatively low frequencies. In the same year, the concept of a graphene-based
nanoantenna-enhanced photomixer to realize wideband-tunable THz frequency
generation was proposed in [19]. In the model, double layers of graphene were used
to guide and coupled the generated THz waves to a loading circuit. The high optical
transparency graphene layer may allow exciting plasmonic nanoantennas around
its tip in order to boost the intensity of pumped visible light.
In our group, a continuous-wave (CW) THz generation based on photomixer de-
vices using nanowire electrodes was demonstrated in 2012 [20]. The use of nanowire
electrodes instead of metal electrodes decreased the photomixer capacitance, result-
ing in higher THz output power than that of the conventional interdigitated metal
photomixer. Despite their small size, the nanowires have shown a high ability to
handle high current densities. However, the alignment of the nanowire electrodes
was a critical issue. Therefore, a transparent 2D nanomaterial with a high capacity to
handle high current densities was needed to replace the nanowire electrodes regard-
less of the device’s capacitance. Since then, the high transparent graphene sheet
was proposed to replace the nanowire electrodes. Al-Daffaie et al. had measured
the short-circuit current of the multilayer graphene sheet as 9 mA per 10 µm width,
resulting in a high current density of 40 MA/cm2 [21]. In 2015, the first graphene
photomixer was fabricated by Al-Daffaie et al. [22]. The graphene photomixer
was fabricated with 2D multilayer graphene electrodes. The graphene photomixer
showed a clear improvement in the performance of the device as compared with the
conventional interdigitated photomixer. Where the graphene photomixer showed
three times higher generated photocurrent than the generated photocurrent of con-
ventional interdigitated photomixer, which results in twice THz output signal higher
than that of the conventional device. Furthermore, graphene photomixer shows
very high reliability under a high bias voltage.
Proceeding from this point, graphene is used in this dissertation to enhance the
reliability of the THz photomixers under high generated photocurrent and increase
the output THz power. The use of the graphene nanoelectrodes allows efficient opti-
cal power illumination to generate high photocurrent generation and shows highly
reliable continuous-wave THz emissions. Various graphene nanoelectrodes designs
were performed to decrease the device capacitance or to shorten the transit time
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required for the generated photocarriers to travel from one electrode to another. The
new designs of graphene nanoelectrodes would further increase the photocurrent
and the THz output power. This dissertation discusses a significant improvement of
the THz output power for photomixers using new nanostructure configurations and
technological steps.
1.2 Thesis Overview and Organization
The working principle of THz emitters and detectors based on photomixer devices
was described in detail in Chapter 2. Various THz antennas were described in Chapter
2 as well.
Chapter 3 gives an introduction to the unique electrical, optical, and thermal
properties of graphene material. Furthermore, the types of graphene used in this
dissertation were described and compared.
Chapter 4 describes the possibility of replacing the metallic electrodes with
graphene material. Additionally, Chapter 4 discusses the fabrication of an enhanced
photomixer based on various graphene types and their characterization. Various
nanoelectrodes forms have fabricated on top of LTG-GaAs as photoconductive ma-
terial.
Chapter 5 shows the results of the generated photocurrent and the output THz
signals of graphene THz photomixer emitters and compares them with the generated
photocurrent and the output THz signals of conventional interdigitated photomixer
emitters.
Chapter 6 describes the effect of the graphene transparency on the sensitivity
of THz detectors. The results of the detected photocurrent of graphene THz pho-
tomixer receivers were compared with the results of conventional interdigitated THz
photomixer detectors.
Chapter 7 shows further improvements in the performance of the photomixer
using hybrid nanoelectrodes based on graphene and silver nanowire. Chapter 6
discusses various hybrid designs, fabrication steps, and obtained results of the
generated photocurrent, and output THz powers.
Finally, Chapter 8 explores the achieved results and estimates future viewpoints.
Chapter 2
Conventional Terahertz Photomixers
Conventional photomixers use interdigital gold fingers as electrodes on top of a thin
layer of photoconductive material, such as LTG-GaAs. These types of devices are
suitable for THz generation and detection. Emitters are used to convert the optical
beat signal into continuous waves at THz frequencies with the presence of a bias
voltage. While detectors are used to convert the THz wave into an electrical signal by
modulating the optical beat signal. The fundamentals of both types of photomixers
are described in this chapter.
2.1 THz Photomixer Emitter
The conventional emitters are compact sources that use a pair of a single frequency
and tunable laser sources for THz difference frequency generation by photoconduc-
tive mixing in LTG-GaAs. The resulting frequency can be tuned over several THz
by tuning the frequency of the two laser sources. The laser frequency can be tuned
due to the resulting shift in the laser wavelength by controlling the temperature or
current of the two laser sources. A few nanometers in wavelength can be achieved in
the case of diode lasers, such as distributed feedback laser diodes (DFB-LDs). The
benefits of using these types of optoelectronic sources lie in:
1. Room temperature operation
Electronic and optical THz sources need expensive and bulky cooling units
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to have reliable performance. On the other hand, photomixers sources, even
detectors, can operate efficiently enough at room temperature for broad appli-
cations in real life. This feature will increase the compactness of the system.
2. Compactness, cost-efficiency, and ease-of-use
Photomixer sources have shown high performance with respect to their low
cost, and less fabrication complexity as for the other THz sources. The use of
optoelectronic THz devices promises a very compact THz emitter and detector
in the THz measurement systems.
3. Low noise level
The noise characteristics of a receiver (photomixer) are very important. Pho-
tomixer receivers operate based on phase matching optical detection of the
electrical field of the THz wave. The noise current in the photomixer receivers
is the value of the root mean square of the generated current when the pho-
tomixer emitter is switched off. The noise measurements take place in the
calculation of the high signal-to-noise ratio, which is known as the dynamic
range of the terahertz power. In this sense, the noise will be eliminated even
though the available THz power is only moderate.
Furthermore, CW THz photomixers have significant properties that put them into
a leading position for the search for practical THz applications. In contrast to pulse
photomixers as well as the electrical and optical sources, the CW THz photomixers
are easy to tune over a large frequency range. The tuning range is done by the
operation wavelength difference of the optical beat signal. Therefore, a CW THz
system is capable of achieving a frequency resolution in the order of several MHz
(< 10 MHz) by its fine and wide frequency tuning range of the beat signal, while
the frequency resolution for the pulse system is about 5 GHz [23]. This feature
leads the CW THz system to be the ideal system for high-resolution spectroscopy
measurement [24, 25].
2.1.1 The Principle of Photomixing
THz photomixer emitter generates THz waves using the optical heterodyne down-
conversion [26]. A conventional interdigitated photomixer consists of a photocon-
ductive material that is excited with an optical beat signal. Two detuned DFB-LDs
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with different angular frequenciesω1 andω2 are interfered with to generate the opti-
cal beat signal in a beam with a frequency corresponding to the frequency difference
between the two DFB-LDs. The electric field of the optical beat signal is given by
Eb e a t (t ) = E1e
i (ω1t )+E2e
i (ω2t+φ) (2.1)
where φ is the phase difference between the two optical signals. The incident
optical beat power P (t ) at the surface on the photoconductive material is given by
the following equations [27]
P (t )∝|Eb e a t (t )|2 ∼ Eb e a t (t ) ·E ∗b e a t (t ) (2.2)




















e i (ω1−ω2)t−φ + e −i ((ω1−ω2)t−φ)

(2.5)
P (t ) = E 21 +E
2
2 +2E1E2 cos((ω1−ω2)t −φ) (2.6)
where cos((ω1−ω2)t −φ) is the intermediate freqency signal in THz region with
frequency ωT H z = |ω1 −ω2| and at phase φ. Therefore, the total incident optical
beat signal will be
P (t ) = P1+P2+2
p
mP1P2 cos(ωT H z t −φ) (2.7)
The average of the total incident power through a long time period P1+P2 ranges
between zero and one, and m is the mixing efficiency represented by the overlap
between the two DFB-LDs. The resulted beat signal is used to illuminate the active
region around the metal electrodes to generate instantaneous photocarrier pairs
(electrons and holes) in the semiconductor periodically. The photocarrier pairs are
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FIGURE 2.1: Conventional interdigitated photoconductive.
separated by an external field due to a DC bias. Otherwise, they will recombine again
after a certain lifetime τc . Therefore, the number of generated photocarriers due to
the applied light is the generation rate Gr multiply by the electron recombination
lifetime, and it is given by







where P (t ) is the absorbed optical power, ηa b is the absorption efficiency factor,
ħhω is the photon energy, A is the area of the electrodes, and l is the transit path
length that the generated photocarriers would follow to transport from one electrode
to another.
The instantaneous photocarriers density nc (t ) is produced an instantaneous
photoconductance Gp h (t ) [28]. The total conductance of the photoconductor is the
combination of the photoconductance due to the generated photocarriers, Gp h (t ),
and the dark conductance Gd a r k generated due to impurities and dislocations in the
photoconductive material crystal. The total conductance is given as [29]
Gt o t a l (t ) =Gp h (t ) +Gd a r k (2.9)
Using the geometry in Figure 2.1, the Gp h (t ) is given as:
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where µc is the carrier mobility, e is the electron charge, A =W.d is the area of the
electrodes, W is the width, and d is the total contact length of the photoconductor.
The total induced photocurrent Ip h (t ) in a photomixer device due to the incident
optical beat signal with the presence of the bias voltage Vb i a s is given as [30]
Ip h (t ) =Gp h (t )VB i a s
=σp h (t ) ·
A
l
VB i a s
= eµc nc (t )
A
l
VB i a s
(2.11)
whereσp h (t ) ·
A
l
is the conductivity over a unit volume. By substituting Equation
2.8 into equation 2.11 yields










In photoconductive devices, the photocarriers, once generated, drift to the elec-
trodes. They would follow a transit length toward the electrodes, which depends
on the position in the structure where the photocarrier is generated. The relatively
large separation of the electrodes implies a longer required transit time τt . This can











From equations (2.13) and (2.14), the transit time in terms of voltage can be
obtained





Using equation (2.15) and solve it for the generated photocurrent Ip h (t )
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is the photoconductive gain. The low quantum efficiency of the inter-
digitated electrodes photomixer limits the performance device. This low efficiency
is raised from the low photoconductive gain because of the long carriers’ transit
time as compared to the carriers’ recombination time. Electrodes configuration
plays an important role in device performance. Smaller gaps between the electrodes
result in shorter transit time. This would increase the photoconductive gain. How-
ever, smaller gaps increase the device capacitance and limit the optical to electrical
conversion efficiency and the output power of the device at high frequency. On the
other hand, Larger gaps between the electrodes reduce the device capacitance but
increase the required transit time of the carrier to travel to the electrodes [31].
The resulting photocurrent contains a THz component due to the periodic mod-
ulation of the carrier generation rate [32, 33]. The high-frequency wave can be
directly coupled from the photoconductive material into a suitable antenna for THz
radiation. The output power of a THz photomixer PT H z is defined as [28]
PT H z (t ) =
I 2p h (t )RA
2 [1+ (ωτc )2] [1+ (ωRAC )2]
(2.17)
where RA is the antenna resistance, and C is the device capacitance. RA is fixed
for the chosen antenna design, and τc is constant for the photoconductive material.
A planer LTG-GaAs is well suited to photomixing applications because of its short
carrier lifetime (∼ 0.25 ps), relatively high mobility (>200 cm2V−1s−1) for photoexcited
electrons, and high electrical breakdown field (5 × 105 V/cm) [33]. Therefore, the
THz output power can be increased by decreasing the device capacity and increasing
the photocurrent.
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FIGURE 2.2: Coherent detection diagram for the CW−THz system.
However, these conventional interdigitated photomixers have limitations regard-
ing bias voltage, optical beat signal power, reliability at high photocurrents, and the
effective local heat dissipation which reduces the THz output power.
Furthermore, several breakdown mechanisms limit the reliability and the lifetime
of the THz photomixer. The thermal effect of excessive power dissipation and elec-
tromigration in metal electrodes, among several, cause catastrophic device failure
[22].
2.2 THz photomixer Detector
The significant advantage of photomixer devices is that they can also be used as THz
detectors. In this approach, a detector will be operated without an external bias field.
In CW homodyne detection systems, two photomixer devices are implemented. The
first photomixer emitter is used to generate THz waves. The second photomixer
receiver is used to detect the generated THz waves. In the strategy, the optical
beat signal is split into two paths, as shown in Figure 2.2. The first path is used
for the THz source, where the device needs a bias field to generate THz waves, as
previously explained in section 2.1.1. The optics parts, the lenses, and parabolic
mirrors were used to align and focus the THz beam onto the photomixer receiver.
The second path is used for the THz detector. The incident optical beat signal
directly to the active area of the device creates free carriers. The electric field of the
incoming THz radiation induces a transient bias voltage across the gap between
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FIGURE 2.3: Photoconductive detector mounted on a hemispherical lens.
the two contacts of this receiver’s antenna. The THz induced voltage separates the
generated photocarriers and induced a photocurrent. The detected photocurrent is
proportional to the product of the optical beat signal and the THz field, as shown in
Figure 2.3. Therefore, the same principle of increasing the generated photocurrent
is applied here. Increasing the number of generated photocarriers will result in a
higher detected photocurrent [32, 34, 35].
2.2.1 Coherent Detection
According to the coherent detection scheme in Figure 2.2, one photomixer was
used as a THz emitter, while another one was served as a THz receiver. For the
second photomixer, both the terahertz wave and the original laser beat illuminate
the receiver. The optical beat signal was applied to generate photocarriers. In the
opposite direction, the incoming terahertz wave was employed as a bias field and
generates a voltage drop between the antenna contacts. So, the optical beat signal
modulates the conductivity of the photomixer. Equation (2.11) is valid here, where
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VB i a s =VT H z and Ip h = Id e t . The detected photocurrent will be given by the following
equations









The detected photocurrent is proportional to the amplitude of the terahertz
electric field and the phase difference Íϕ between the optical beat wave and the
terahertz wave. The phase difference can be adjusted by varying the path difference
between the fiber length of the receiver arm, and the fiber length of the emitter arm
plus the terahertz path.
Íϕ = 2πνT H z∆L/c (2.19)
Thus, the amplitude of detected photocurrent represents the amplitude of the
terahertz electric field when∆L is zero, i.e. when the optical beat signal is in phase
with the incident THz wave.
The use of nanomaterials, such as graphene, as transparent electrodes, results in
an increase in the number of the generated photocarriers and increases the generated
and the detected photocurrent for both types of photomixers (sources and detectors).
2.3 Broadband Antenna
The antenna design plays a crucial role in the polarization, pattern, and bandwidth
of the radiated waves. The THz photomixer device used a planar antenna that is
deposited on top of a photoconductive material. The contact of the photomixer
fingers should be deposited onto the antenna contact directly. The tuning range of
the THz radiation is mainly limited by the antenna design, where the lower and the
upper cutoff frequency is determined by the antenna configuration.
2.3.1 Bow-Tie Antenna
A Bow-Tie antenna consists of two triangular sheets of metal, as shown in Figure 2.4.
The main advantages of this type of antenna are simple design and broadband
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FIGURE 2.4: Bow-Tie antenna.
FIGURE 2.5: Log-Periodic antenna.
impedance. The bandwidth of this type of antenna is limited due to the finite gap
between the feed points and finite size. The radiation of a Bow-Tie antenna is linearly
polarized and has a bidirectional pattern with broad main beams perpendicular to
the plane of the antenna [36].
2.3.2 Log-Periodic Antenna
The Log-Periodic antenna depicted in Figure 2.5 is considered a resonant antenna.
It consists of a Bow-Tie antenna with attached self-complementary resonant teeth.
These teeth are resonant at [37]
fn =
2c




where εe f f is the effective permittivity of the photoconductive material. Therefore,
the radiated power is enhanced at this frequency fn . The radiation power is linearly
polarized parallel to the teeth edges. This is perpendicular to that of the Bow-Tie
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FIGURE 2.6: Spiral antenna.
antenna. This shows that the component of current that flows in the direction of
the teeth dominates the radial component. The operation bandwidth is determined
by the smallest and largest tooth. The upper cutoff frequency is limited by the gap
defined by the photomixer. Typically the maximum frequency is limited to 4-5 THz.
The lower cutoff frequency is limited by the space requirement of the antenna on the
chip, which increases proportionally to the wavelength [38]. For the THz band, the
lower cutoff frequency is typically chosen not much less than 100 GHz for sub-mm
sized antennas.
2.3.3 Spiral Antenna
The spiral antenna shown in Figure 2.6 provides a relatively constant input impedance.
The spiral antenna is designed to be frequency-independent antennas and circu-
larly polarized with a sense that depends on the winding sense of the spirals. The
spiral antenna has an almost constant radiation pattern and operates in very wide
bandwidths. The low cutoff frequency is limited by the outer circumference of the
spiral. The overall arm length La n t is [37, 39]
La n t =
r2,ma x + r1,ma x
2 cos(Ψ)
(2.21)
On the other hand, the upper cutoff frequency depends on the configuration near
the feed point. The main advantage of a spiral antenna is that it can receive linearly
polarized waves in any orientation.
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2.4 Typical Device Failure Mechanisms
Conventional interdigitated photomixer based on metal electrodes have limitations
regarding performance reliability. The optical to electrical conversion is limited
due to the opaqueness of the metallic electrodes, which limits the device output
power. The device output power is limited by the maximum optical power that
these devices can withstand before failure. The combination of optical power and
electrical power causes heat in the small active area of the device, which results in
the device’s catastrophic thermal failure. The weakness of high heat dissipation from
the small active area to the large size of the antenna metal through the electrodes
results in dielectric breakdown due to the high heat collected in photoconductive
material. The reliability of the THz devices is affected mainly by three breakdown
mechanisms [21, 22].
2.4.1 Electromigration Failure
The transport phenomenon of electrons that occurs in metal electrodes due to the
high current flow or due to the high electric field is known as electromigration. The
high current density, electric field, temperature, and atom crystallinity can result
in so-called device electromigration failure. Where the atomic displacement in the
direction of electron flow occurs when a high current density exceeds 2 × 105 A/cm2
[40]. The electric field that acts on atoms, which are not completely shielded by
electrons, causes an opposite mass flow [41].
In this sense, the metallic lines suffer from high current flow, which causes damage
to the electrodes (voids at the cathode side and hillocks at the anode side), on one
hand. On the other hand, the high electric field creates voids on the anode side and
hillocks on the cathode side. In general, either the current flow or the electric field
dominates the electromigration behavior [22]. In [22], it has been shown that the
conventional interdigitated emitter starts to fail when the photocurrent increases
above> 400µA. The electromigration effect of the conventional interdigitated device
is shown in Figure 2.7.
2.4.2 Thermal Failure
Due to the small size of the photomixer, the overheating in the device is a critical
issue for the device’s reliability. The high device temperature-induced is caused by
the combination of optical and electrical powers. The absorbed optical power in the
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FIGURE 2.7: Electromigration failure of the interdigital photomixer [22].
FIGURE 2.8: Thermal failure of the interdigital photomixer [22].
photoconductive material is transformed into heat, which forms a thermal load that
will increase the temperature in the small active area of the THz device, as shown in
Figure 2.8. Furthermore, the maximum handling photocurrent before the device
failed is affected by the high temperature of the device, limits the THz output power
of the device [33, 42].
The electromigration failures combined with thermal failures result in a catas-
trophic failure of the device as shown in Figure 2.9. The electromigration failure
is correlated to thermal failure, where the atomic motion is supported by the heat
generation, which leads to faster electromigration failure in the device.
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FIGURE 2.9: Combination of electromigration and thermal failures of the interdigital
photomixer [22].
2.4.3 High-field Breakdown Failure
A DC bias field is required between the two electrodes of a THz photomixer emitter
to accelerate the generated photocarriers of the modulated photoconductance. The
generated photocurrent is proportional to the applied electric field, where the higher
the electric field the higher the photocurrent, the higher the THz output power.
However, it is a trade-off between increasing the applied electric field to obtain a
higher generated photocurrent or increasing the applied electric field to increase
the temperature of the device, causing a thermal failure in the device [28].
Chapter 3
Graphene
Chapter 3 discussed conventional photomixer using interdigitated metal electrodes.
The optical to electrical conversion efficiency is limited due to the electrodes’ opaque-
ness, which reduces the output power. Moreover, the combination of optical power
and electrical power causes heating in the small active area of the photomixer device,
which causes device failure.
Device electrodes based on nanomaterial are one of the feasible solutions to
enhance device performance. The optical and electrical properties of graphene
were studied to improve the photomixer performance. The combination of high
transparency and the high electrical and thermal conductivity of the graphene re-
sults in photomixers with higher generated photocurrent, higher output power, and
increased device reliability as compared to conventional interdigitated photomixers.
In the following, the physical and electrical properties of various graphene growth
will be illustrated in this chapter.
3.1 Graphene Properties
Graphene was discovered by Geim and Novoselov experimentally in 2004 [43]. Since
then, it has become one of the most attractive materials being investigated. Graphene
is a single 2D layer of carbon atoms arranged in a hexagonal lattice (see Figure 3.1). It
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FIGURE 3.1: single-layer graphene
has many uncommon optical and electrical properties. In contrast to other transpar-
ent materials, such as indium tin oxide (ITO), the combination of high transparency
and electrical conductivity makes graphene a very attractive material as transpar-
ent conductive electrodes, among many other potential applications. Moreover,
graphene has a very high thermal conductivity that enhances lateral heat dissipation
and improves device reliability.
3.1.1 Electronic Structure
Graphene is essentially a giant organic molecule and technically a semi-metal. When
the electrons travel from one atom to the next, they follow the so-called pi-bonds that
connect neighboring atoms. In contrast to metals (e.g., gold) where the electrons
behave as if they were essentially free electrons (that is with a bare electron charge
and mass), the interaction between the electrons in graphene occurs in the lattice
in such a way that they appear to be massless [44]. This unique property provides
graphene with its unique electronic properties.
Furthermore, multiple single-layer graphene sheets can be stacked and produce
multilayer graphene. Therefore, typical graphene may comprise one layer to 10
layers of graphene, as shown in Figure 3.2. The variation in the number of graphene
layers directly affects the sheet resistance and current-carrying capacity. On one
hand, thinner graphene increased the transparency of the material, which allows
almost all the light to propagate through graphene. On the other hand, a thicker
graphene layer is required to carry reliable high current densities and to enhance
the performance [45].
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FIGURE 3.2: multilayer graphene
3.1.2 Electrical Conductivity
Graphene is an extremely desirable material to substitute the metal as an electrical
conductor due to the unique gapless electronic structure and high intrinsic mobility
of graphene. Graphene has remarkably high electron mobility at room temperature.
It exceeds 2 × 105 cm2/V·s [46] in suspended and annealed graphene devices. The
graphene sheet resistance depends on the number of graphene layers. The thinner
graphene the higher sheet resistance becomes. The average sheet resistance for
single-layer graphene is 1150 Ω/sq. On the other hand, The average sheet resistance
for seven-layers graphene is 220 Ω/sq [47]. Furthermore, graphene has reported
having current densities on the order of 108 A/cm2 for widths down to 16 nm [48].
3.1.3 Optical Properties
Graphene sheet has significant optical transparency for visible and infrared light.
The optical transmittance of graphene is 95 - 97% depending on the number of
the graphene layers [49]. This property allows almost all of the optical power to
propagate through graphene. The increase of the optical power reaching the photo-
conductive material increase the number of generated photocarriers. The increase
in the photocarriers density, which ultimately will accelerate by the bias field, results
in increasing photocurrent and higher THz wave will be radiated.
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3.1.4 Thermal Conductivity
The atomic structure of material influences the thermal conductivity of that mate-
rial. The thermal conductivity becomes very important especially when the device
dimensions decrease into nanometers. Where the combination of the optical power
and the electrical power in the device causes heating [50]. Such heating can result in
device thermal failure. Carbon forms (e.g. graphite, charcoal, and diamond) have a
large variety of thermal conductivity. At room temperature, the lowest conductivity
can be seen for amorphous carbon, which is about 0.01 W/mK. On the other hand,
the diamond has a large conductivity of 2 × 103 W/mK [51].
Graphene has an extremely high thermal conductivity (about 5 × 103 W/mK at
room temperature), which is 3 times higher than that of diamond [52–55]. Using
graphene as nanoelectrodes for optoelectronic devices improves the lateral heat
dissipation from the very small active area to the large antenna structure. By this,
the stability of the device will increase. Furthermore, graphene has a reliable high-
temperature operation [50, 56]. These advantages of graphene are the basis for a
reliable high-power THz device.
3.2 Types of Graphene
Graphene purity, thickness, size, and other properties for specific needs can be
defined by the processes of fabricating or extracting graphene. In recent years,
various techniques were established to synthesis graphene. Mechanical cleaving
(exfoliation) [43], chemical synthesis [57], chemical exfoliation [58, 59], and thermal
chemical vapor deposition (CVD) [60] are the most commonly used techniques
nowadays. However, there are many other methods are used to synthesis variant
types of graphene. In general, graphene synthesis can be classified into two major
categories, Top-down [61–64] and Bottom-up [65–76]. Each technique introduces
some advantages and disadvantages to the quality of the graphene sheet. Two types
of graphene were used in this work:
1. Chemical vapor deposition (CVD)
Obtaining a large area, high quality, and transferable graphene until now is still
a big challenge. CVD provides a good solution to produce large-scale graphene
of high-quality [65, 78]. Where chemical decomposition of precursors such as
methane on catalytic transition metal surfaces such as copper resulted in a
single-layer or a few layers graphene [79, 80]. Transferring graphene sheets to
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FIGURE 3.3: Raman spectra of ACS Material Trivial Transfer GrapheneTM (3-5 layers
graphene) [77].
FIGURE 3.4: Raman spectra of ACS Material Trivial Transfer GrapheneTM (6-8 layers
graphene) [77].
any other substrates is a very critical step. Poly-methyl-methacrylate (PMMA)
is used as a support polymer to facilitate the transfer of graphene onto an
alternate substrate. In this method, the synthesized graphene films laying on
a copper substrate are coated with PMMA. The next step would be etching
the copper substrate. Then, the coated graphene film is strong enough to
be transferred to another substrate such as GaAs, Si, SiO2, or glass without
damaging the material. The advantage of using PMMA as a supporting layer is
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FIGURE 3.5: Typical TEM image of ACS Material N+SLG [77].
that the PMMA can be easily dissolved by acetone without excessive damage
[81].
Various industrial CVD graphene types (3-5, and 6-8 layer graphene) were
purchased from ACS Material [77]. These types of graphene are provided
as a homogeneous layer of a sheet resistance <600 Ω/sq and transparency
>95%. The Raman spectra of ACS Material Trivial Transfer GrapheneTM of 3-
5 layers graphene is shown in Figure 3.3 and the 6-8 layers graphene is shown
in Figure 3.4 [77].
2. Nitrogen-doped Single-Layer Graphene Flakes (N+SLG)
This type of graphene is prepared using the CVD method. The chemical
composition of the N+SLG flakes consists of Carbon ∼ 88.0%, Nitrogen 1.0-
3.0%, and Oxygen 7.0-7.5%. The flakes have a surface area of 500-700 m2/g.
The electrical conductivity of the flakes is >1000 S/m, which characterized
at the density of 0.3 g/cm3. The lateral size of the flakes is 05-5 µm [77]. The
typical TEM image of ACS Material N+SLG flakes is shown in Figure 3.5.
Chapter 4
Fabrications and Simulations
Enhanced THz photomixers are essentially required for many THz applications.
Nanomaterials based on graphene are one of the main solutions to enhance the
operational performance of photomixers. Conventional interdigitated photomixers
based on metal electrodes were replaced by graphene nanoelectrodes in this work. In
this chapter, graphene photomixers fabrication steps were discussed. The properties
of graphene nanoelectrodes and metal electrodes were modeled and compared using
various simulation software. The fabrication steps will be started with transferring
graphene on top of the photoconductive material in section 4.1.
4.1 Graphene Trivial Transferring
The trivial transfer graphene technique was used to transfer the multilayer graphene
sheet to other desired wafers. The purchased multilayer graphene (2.5 cm × 2.5 cm)
is laid on top of a hydrophilic sponge substrate, and it is coated by a thin film of
PMMA. By utilizing the wet transferring technique, a successful transferring of the
graphene onto another substrate can be done by five simple steps:
The first step
Few drops of deionized water were floated at the edge of the hydrophilic sponge
substrate. After a while, the water drops will be absorbed by the sponge sub-
strate. The absorbed water act as a separation layer between the multilayer
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FIGURE 4.1: Graphene trivial transferring preparation.
FIGURE 4.2: Floating graphene on the water surface.
graphene sheet and the sponge substrate. This step is necessary to maintain
the homogeneity of the multilayer graphene sheet through the other transfer-
ring steps, as shown in Figure 4.1.
The second step
The sponge substrate with the floated multilayer graphene sheet was drowned
nicely and easily in the deionized water. The multilayer graphene will float on
the water surface, see Figure 4.2.
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FIGURE 4.3: Trivial transfer graphene on LTG-GaAs.
The third step
An LTG-GaAs wafer was cut into small pieces. These pieces were aligned
together on a class sheet using wax glue. The floated multilayer graphene
sheet, which is coated with PMMA, is picking up from the water surface and
transferred onto the surface of the collection of the LTG-GaAs wafer pieces, as
shown in Figure 4.3.
The fourth step
The laid multilayer graphene with the PMMA layer on top of the LTG-GaAs
has to be dry for further fabrication processes. Therefore, it should be kept
safe until fully dried without any additional force. Heat treatment is strongly
unrecommended because the water vapor will destroy the homogeneity of the
graphene, which is under the PMMA layer.
The final step
The PMMA layer was removed using acetone, as shown in Figure 4.3. After the
acetone cleaning, the placed multilayer graphene on LTG-GaAs is ready for
further fabrication processes.
4.2 Graphene Devices Fabrication
Multilayer CVD-grown graphene was transferred onto LTG-GaAs substrates (thick-
ness ∼ 350 µm), using the method mentioned in section 4.1. The fabrication of
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FIGURE 4.4: Microscopic image of the log-periodic antenna after the optical lithog-
raphy process.
FIGURE 4.5: Microscopic image of the log-periodic antenna after the evaporation
and lift-off process.
the photomixer with nanoelectrodes was performed by applying four steps of the
standard optical lithography process.
The first step is to form the desired log-periodic antenna [25]. A broadband
log-periodic antenna was designed using the dimension ratio of tooth/anti-tooth
= 0.707, the ratio of the radial sizes of successive teeth = 0.5. The fabrication was
started with flowed few drops of photoresist (AZ1518) on top of multilayer graphene.
Using a spin coater (spin speed 4000 c/min for 40 s), a hot plate (under 90◦ for 90 s),
and a standard lithography process, the photoresist liquid became a homogeneous
layer with a thickness of 1.8 µm, as shown in Figure 4.4. Afterward, Ni (25 nm) /
Au (150 nm) was evaporated to form the metallic form of the log-periodic antenna.
Nickel is used for better adhesion to graphene. A lift-off process is necessary to
remove the Ni and Au materials from the undesirable area, as shown in Figure 4.5.
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FIGURE 4.6: Microscopic image of the log-periodic antenna with a covered active
area.
The second step is to keep the graphene only between the antenna contacts; few
drops of a thin photoresist (AZ1505) have flowed on the top of the chip. The spin
coater (spin speed 5000 c/min for 40 s for 40 s), a hot plate (under 90◦ for 90 s), and
a standard lithography process were used again to create a homogeneous layer of
photoresist with a thickness of 500 nm. The area between the antenna contacts was
reserved by aligning a cap mask on the desired area, see Figure 4.6. The chip then
was located inside the chamber of a plasma machine. An O2 gas was used to blow
the uncovered graphene material located on the unwanted area.
The third step is to form the nanoelectrodes of the photomixer; few drops of the
thin photoresist (AZ1505) have flowed on the top of the chip again. The spin coater,
a hot plate, and a standard lithography process were used same as in the second step
to creating again a homogeneous layer of photoresist. A mask with an opened line
with 1 µm width was aligned between the antenna contacts, see Figure 4.7. Finally,
the graphene, which located in the opened line in the active area of the photomixer,
was removed by blowing O2 gas inside the plasma machine chamber.
The final step was performed to isolate the graphene layers from the environmen-
tal contamination. This will improve the current density of the device. Therefore,
the photomixers were encapsulated by 150 nm SiNx.
For the interdigitated graphene nanoelectrodes, the second and third steps can
be replaced by one optical lithography process step to form the interdigitated con-
figuration, as shown in Figure 4.8.
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FIGURE 4.7: Microscopic image of the log-periodic antenna with a 1 µm gap in the
active area.
FIGURE 4.8: Microscopic image of the log-periodic antenna with interdigitated
configuration after the optical lithography process.
4.3 Raman Characterization of Graphene
Due to the high transparency of graphene, it is impossible to identify the number
of graphene layers via optical microscopes on substrates. Atomic force microscopy
(AFM) [82, 83], transmission electron microscopy (TEM) [84, 85], X-ray diffraction
(XRD) [86], Rayleigh scattering (RS) [87], and Raman spectroscopy [88] are the most
common techniques used to identified and characterized the graphene layers on
a substrate. In contrast to AFM, TEM, XRD, and RS, Raman spectroscopy provide
an identification technique with high accuracy, fast, low cost, and sensitivity to the
number of layers [87, 89]. With Raman spectroscopy, a laser source in the visible, near-
infrared, or near ultraviolet range illuminates the graphene sheet. The scattered light
would have a different frequency than the incident light frequency. The scattering
intensity as a function of the frequency shifts will identify the number of graphene
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FIGURE 4.9: Raman output of graphene layers with different thicknesses [90].
layers.
Three significant bands must be taken into consideration in analyzing the Raman
results of a graphene layer. The D band, the G band, and the 2D band, as shown in
Figure 4.9.
1. The D band
The D band is known as the disorder band or the defect band and it represents
a ring breathing mode from sp2 carbon rings. The intensity of the D band is
inversely proportional to the quality of graphene layers. The high-intensity
peak can also appear at the edges of graphene layers [88, 91].
2. The G band
A sharp band that appears around 1587 cm−1 in the Raman shift spectrum
is known as the G band. The intensity G band and its position indicate the
graphene number of layers. The G band shifts downwards in the position as
the number of graphene layers increased, while the intensity increase for the
higher number of graphene layers [88, 91, 92].
3. The 2D band
The last important band is the second order of the D band known as the 2D
band. The 2D band appears as a result of a two phonon lattice vibrational
process and it does not represent defects or edges of graphene, as in the D
band. Therefore, the 2D band is always appearing as a strong band in graphene
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even for very high-quality graphene. The thickness of graphene sheets can
also be determined by the 2D band shape and the position of the band. For
single-layer graphene, the 2D band is shown as a single symmetrical peak
with a narrow full-width-half maximum. On the other hand, the band shape
appears as a waveform of several peaks [88, 91, 92].
4.4 The Measurement Setup
In this work, a fiber setup was used for the characterization of the photomixers.
Two tunable distributed feedback laser diodes (DFB-LDs) (wavelength ∼ 850 nm)
were coupled by a 50 : 50 combiner to generate the beat signal with a frequency
corresponding to the frequency difference between the two DFP-LDs. Afterward,
the beat signal was coupled into a cleaved polarization-maintaining optical fiber.
The use of polarization-maintaining fiber is to stabilize the operation during the
measurement. The end of the fiber was aligned close to the chip surface, in the
range of a few µm, to fully illuminate the electrodes in the active area by the optical
beat signal. Carriers will be generated in the photoconductive material between
the electrodes due to the illumination of the beat signal. A DC power supply was
implemented to accelerate the photogenerated carriers. The accelerated carriers
will be radiated by the antenna as THz waves into the photoconductive material.
The photomixer chip was mounted on a hemispherical Si lens. The Si lens was used
to couple and direct the THz radiation into two parabolic mirrors. The parabolic
mirrors are also used to direct the THz beam onto a Golay cell (Tydex GC-1P) as
shown in Figure 4.10. The incident THz power onto the Golay cell would be converted
into an electrical signal. The conversion of the THz output power into an electric
signal is defined as the detector responsivity R . The responsivity measures the
electrical output (Vd e t ) per optical input (PT H z ). The responsivity of a Golay cell is
usually expressed in units of volts per watt of incident radiant power at a certain
chopping frequency [93]




The electrical output signal of the Golay cell feeds a lock-in amplifier to measure
the amplitude of the signal in terms of voltage. The measured amplitude of the
voltage signal is proportional to the intensity of the THz output power. For the
lock-in measurement, the DC bias was modulated by 20Hz. The measurement range
is determined by the optical beat frequency, which corresponds to the frequency
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FIGURE 4.10: The Measurement Setup.
difference (∆ f ) between the two DFB-LDs. The∆ f between the lasers is given by
the following equations
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FIGURE 4.11: Layout of the construction of a log-periodic antenna with active area





where λ1,2 are the wavelength of the two DFB-LDs. The optical beat frequency, and
consequently, the THz measurement range is defined by determining λ1, λ2, and
∆λ of the two DFB-LDs.
4.5 Device Simulations
4.5.1 Antenna Design
The antenna design determines the bandwidth, directivity, tuneability, gain, and
efficiency of the radiation. The upper cutoff frequency of an antenna is limited by
the size of the active area between the photomixer contacts. Reducing the active
area of the photomixer allows the device to extend the operating frequency range.
The broadband log-periodic antenna was simulated using the 3D field simulation
program CST Microwave Studio® based on Finite Integration Technique (FIT). The
same antenna dimensions in section 4.2 were used for the simulation. The various
gap widths between the antenna contacts (10 µm and 5 µm) were designed. These
dimensions make the active area between the antenna contacts 10 × 10 µm2 and
5 × 5 µm2 [25]. The CST software was used to determine the characteristic of the
designed antenna. The antenna characteristic is changed due to the configuration of
the antenna. In this approach, reducing the distance between the antenna contacts
caused a change in the value of the reflection coefficient of the antenna and increases
the radiated frequency range.
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FIGURE 4.12: Layout of the construction of a log-periodic antenna with active area
of 5 × 5 µm2.
4.5.2 Nanoelectrodes Conductivity
The performance of graphene as a passive conductor was simulated using the CST
Microwave Studio® based on FIT. Figures 4.13 and 4.14 illustrate the layout of the
construction of a log-periodic antenna with gold and with graphene electrodes,
respectively. In the design, the antenna (thickness is 150 nm) was located on top
of a GaAs substrate (length 1100 µm, width 1000 µm, and thickness 200 µm). The
electrodes were distributed in the active area with a length of 10 µm. The electrodes
dimensions were 4.5 × 10 µm2, and the gap separation between the electrodes
was 1 µm. The thickness of the gold electrodes is modeled to be 150 nm. The
thickness of the modeled graphene electrodes can be estimated from the thickness
of the graphene sheet, where the estimated thickness for the multilayer graphene is
TM LG =N TS LG , where N represents the number of layers and TS LG is the thickness
of single-layer graphene, TS LG = 0.335 nm [94]. Therefore, to simulate the use of 6-
8 layer graphene as electrodes, the thickness of the electrodes was chosen as 2.5 nm
for graphene electrodes.
4.5.3 Graphene Transparency
The transparency of the electrodes plays a crucial role in increasing the number of
generated photocarriers, which leads eventually to a higher generated photocurrent.
In the infrared and visible light, gold electrodes reflect more than 95% of the incident
light [95]. One of the main significant optical properties of graphene is transparency,
where the optical transmittance of graphene is 95 - 97% depending on the number
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FIGURE 4.13: Layout of the construction of a log-periodic antenna with gold elec-
trodes.
FIGURE 4.14: Layout of the construction of a log-periodic antenna with graphene
nanoelectrodes.
of the graphene layers [49]. This property allows almost all of the optical power to
propagate through graphene. The increase of the optical power reaching the photo-
conductive material increase the number of generated photocarriers. The increase
in the photocarriers density, which ultimately will accelerate by the bias field, results
in increasing photocurrent and higher THz power will be achieved. The use of trans-
parent material as electrodes for optoelectronic devices increases the illuminated
effective area, which leads to an increase in the photocarrier generation rate (Gr ).
The generation rate gives the number of generated photocarriers at each point in
the photoconductive material due to the absorption of photons. The generation
rate of photocarriers can be calculated at any location within the photoconductive
material. Neglecting the reflected light from the surface, the amount of light that is
absorbed by a material depends on the absorption coefficient (α in cm−1) and the
thickness of the absorbing material. The intensity of light at any point in the device
can be calculated as
I = I◦ exp(−αx ) (4.6)
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FIGURE 4.15: Layout of graphene nanoelectrodes.
FIGURE 4.16: Layout of gold electrodes.
where I◦ s the light intensity at the top surface, and x is the distance into the photo-
conductive material at which the light intensity is being calculated.
Assuming that each photon absorbed generates directly an electron-hole pair,
then the generation Gr at any point in the photoconductive material is determined
by
Gr =αN◦ exp(−αx ) (4.7)
where N◦ is the photon flux at the surface (photons/cm2.s). The above equations
show that the light intensity exponentially decreases throughout the material and
further that the generation is highest at the surface of the material.
From equations (2.8) and (2.11), the higher the photocarrier generation rate the
higher the photocurrent can be generated.
The effect of the transparency of graphene was simulated using the Silvaco -
Technology computer-aided design software (S-TCAD) based on the finite element
method. The software was used to obtain the generation rate for optoelectronics
devices using gold electrodes (the thickness is 150 nm) and 6-8 layer graphene
nanoelectrodes (the thickness is 2.5 nm), respectively. Figure 4.15 and Figure 4.16
show the layout of graphene and gold electrodes, respectively. For both devices, the
dimensions of the electrodes were 5.5 × 20 µm2 and the gap separation was 1 µm.
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FIGURE 4.17: Transferred grpahene nanoelectrodes.
FIGURE 4.18: Gold electrodes.
The simulation was continuum experimentally by transferring graphene on top
of LTG-GaAs and compared with gold electrodes. Figure 4.17 shows graphene pads
using 6-8 layers graphene. The electrodes were formed between the pads using the
standard optical lithography process, where the electrode width (WE l e ) was 20 µm
and the gap separation between the electrodes (SE l e ) was 1 µm. Gold with the same
dimensions was evaporated on top of LTG-GaAs as shown in Figure 4.18.
4.5.4 Device Capacitance Calculation
The device capacitance plays a very important role in the value of the device output
power. Equation (2.17) shows that the low device capacitance results in higher THz
output power, especially at the upper part of the THz range [22]. Various configu-
rations of graphene nanoelectrodes were designed between the antenna contacts.
The device capacitance was calculated mathematically and simulated using CST
Electromagnetic Studio® based on FIT.
1. Interdigitated graphene nanoelectrodes
A 6-finger interdigital configuration was designed between 10 × 10 µm2. The
dimension of the finger width (Wf ) was 0.5 µm, the spacing gap (Sg ) between
the fingers was 1.5 µm, and the finger length (L f ) was 9 µm, as shown in
Figure 4.19. The capacitance of the interdigital-finger configuration can be
calculated using the simplified conformal mapping technique [96, 97]
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ε0(1+ εr )Aa c t
wg +we
(4.8)
where ε0 the absolute permittivity, εr = 13 is the relative permittivity of LTG-
GaAs, Aa c t is the active area of the photomixer, Sg is the gap width, Wf the












The approximation value of the elliptical integrals can be calculated from [98]
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2. Graphene nanoelectrodes with 1 µm single gap and 10 µm width
A single gap between the 2D graphene nanoelectrodes was illustrated in Fig-
ure 4.20. The active area between the antenna contacts was 10 × 10 µm2. The
capacitance value was calculated by applying the conformal mapping using
the partial capacitance method as shown in equation (4.13).













where WE l e is the physical electrode width, L is the physical electrode length,
SE l e is the gap between the electrodes, H is the physical thickness of the LTG-
GaAs. The structure dimensions were SE l e = 1 µm, H = 350 µm, WE l e was
10 µm and L was 16 µm.
3. Graphene nanoelectrodes with 1 µm single gap and 5 µm width
Equation (2.17) shows that the output power of a photomixer is inversely
proportional to the device capacitance. Reducing the contact width results in
a reduction in the device’s capacitance. The electrode width was reduced from
10 µm to 5 µm. The active area between the antenna contacts was 5 × 5 µm2
as illustrated in Figure 4.21. Equation (4.13) was used to estimate the device
capacitance using the Graphene nanoelectrodes with 1 µm single gap and
5 µm width.
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FIGURE 4.21: Graphene nanoelectrodes with 1 µm single gap and 5 µm width.
4.5.5 Electrodes Electrical Characteristic
Photocarriers are generated when an electromagnetic wave, such as a light source,
incident upon a photoconductive material. The generated photocarriers will be
contained within the photoconductive material. This will induce an electric field
between the electrodes’ fingers. The CST Microwave Studio® based on the FIT
was used to simulate the produced electric field and the current density between
the electrodes’ fingers for various materials (gold and graphene). Moreover, the
physical properties of the electrode material concerning the optical transparency
were described by showing the power flow through the electrodes. A full plane wave
as an electromagnetic source was applied from the side where the electrodes were
located.
1. Interdigitated gold electrodes
The same dimensions of the electrodes fingers used for the capacitance cal-
culation were used in this simulation, as shown in Figure 4.22. A thickness of
150 nm was chosen for the gold electrodes. The electrode configuration was
placed on top of the GaAs substrate.
2. 2D Graphene nanoelectrodes with 1 µm single gap
The same simulation was repeated using graphene nanoelectrodes. The ge-
ometry of the graphene nanoelectrodes with a single gap was illustrated in
Figure 4.23. The dimensions of the graphene nanoelectrodes were 4.5× 10µm2.
A gap of 1µm separates the graphene nanoelectrodes from each other. A thick-
ness of 2.5 nm was modeled for the nanoelectrodes to mimic the thickness of
the 6-8 layer graphene.
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FIGURE 4.22: Interdigitated gold fingers.
FIGURE 4.23: A single gap graphene nanoelectrodes.
FIGURE 4.24: Interdigitated graphene nanoelectrodes.
3. Interdigitated graphene nanoelectrodes
The use of the interdigitated graphene nanoelectrodes combines the benefits
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of the transparency of graphene on one hand, and on the other hand, decreas-
ing the transit time for the generated carriers from one electrode to another.
Interdigitated graphene configuration was modeled using the same geometry
as the interdigitated gold fingers, as shown in Figure 4.24.

Chapter 5
Graphene Based THz Emitter
Significant enhancement in the performance of the CW-THz photomixer emitters
devices was aimed in this work. Two types (3-5, and 6-8 layers) of graphene material
with various designs were used as nanoelectrodes. The benefit of using graphene
nanoelectrodes instead of metal electrodes is to overcome the failure mechanisms
of the conventional interdigitated photomixer [22]. Due to the high transparency
of the graphene nanoelectrodes, an increase in the generated photocurrent will be
obtained. Moreover, the high electrical and thermal conductivity of the graphene
nanoelectrodes will provide a high capability for high generated photocurrent. This
leads to an increase in the THz power in the upper part of the radiation frequency
range.
5.1 Simulation Results
1. Antenna Design Results
Simulations were done to estimate the values of the reflection coefficient (S1,1)
over a radiation range between 100 GHz and 4 THz. In the software designs,
two log-periodic antennas were compared using two different active areas
(10 × 10 µm2 to 5 × 5 µm2), as shown in Figure 4.11 and Figure 4.12. A discrete
port was applied, to mimic the electrical field between the antenna contacts.
The discrete port is mainly used to simulate lumped element sources inside the
46 5. Graphene Based THz Emitter
FIGURE 5.1: Comparison of the CST simulation results of the simulated S1,1 for the
photomixers with active area of 5 × 5 µm2 and 10 × 10 µm2.
calculation domain. The discrete port is a good approximation of the source
in the feeding point of antennas to calculate the S1,1.
Figure 5.1 shows simulated S1,1 results over the frequency range from 100 GHz
to 4 THz. The results can be divided into two regions.
I. The first region is started from 100 GHz up to 1.5 THz. Both photomixers
showed a good agreement of the value of the reflection coefficient due to
the same main design of the antenna.
II. The second region is started from 1.5 THz up to 4 THz, a significant reduc-
tion in the value of S1,1 for the 5 × 5 µm2 photomixer can be achieved.
This reduction is because of the shorter distance between the antenna
contacts. The total reflection coefficient of the 5 × 5 µm2 photomixer
ranges between -43 dB and -6.9 dB. The lowest value of S1,1 (about -43
dB) was observed at 3.030 THz, which indicates that only 45 × 10−6 of the
total delivered power will be reflected. In contrast, the 10 × 10 µm2 pho-
tomixer exhibits higher S1,1. The reflection coefficient of the 10 × 10 µm2
photomixer ranges between -16 dB and -4.56 dB. This indicates that the
total loss of the delivered power of the 10 × 10 µm2 photomixer is higher
than the total loss of the delivered power of the 5 × 5 µm2 photomixer.
Table 5.1 shows some S1,1 values for some selected frequencies between 2
THz and 4 THz. This increases the operating frequency range of the THz
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photomixer, which allows fabricating a THz emitter with a high cut-off
frequency of up to 4 THz.
TABLE 5.1: Comparison of the CST simulation results of the simulated S1,1 for the
photomixers with active area of 5 × 5 µm2 and 10 × 10 µm2.
Frequency
(GHz)
S1,1 of 5×5 µm2
(dB)















Photomixers with gold and with graphene were simulated in section 4.5.2. A
discrete port was used in the feeding point of antennas to calculate the S1,1.
Figure 5.2 shows the simulated results for the photomixers with gold and with
graphene electrodes. For the simulation range from 100 GHz to 2 THz, the
results show a generally good match between graphene and gold material
in terms of the minimum value of S1,1 for the photomixers. The electrical
matching is due to the high conductivity and high mobility of the graphene
sheet. This indicates that gold material can be replaced by graphene material
as a very good conductor due to the high electrical conductivity of graphene.
3. Electrodes Transparency Results
A 25 mW optical signal was applied vertically to the center of the gap between
the graphene and gold electrodes, as shown in Figure 5.3. A DC signal was
applied to the electrodes. In the simulation, the DC signal was varied from
0 V to 40 V. It is very clear from Figures 5.4 and 5.5 that due to the opaqueness
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FIGURE 5.2: CST simulation results of the S1,1 for the log-periodic antenna with PEC
and graphene nanoelectrodes.
FIGURE 5.3: Silvaco TCAD simulation results of the photogeneration rate for the
graphene nanoelectrodes.
FIGURE 5.4: Silvaco TCAD simulation results of the photogeneration rate for the
gold electrodes.
of the gold material the light beam cannot propagate through the electrodes.
The beam of the photocarriers generation rate is confined in the gap between
the contacts and very close to it because of the light diffraction in the material.
On the other hand, the photogenerated rate for the device with multilayer
graphene nanoelectrodes is much wider and it covers almost the entire illumi-
nated area of the light beam. This indicates that a higher photocurrent can
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FIGURE 5.5: Silvaco TCAD simulation results of the photogeneration rate for the
graphene nanoelectrodes.
FIGURE 5.6: Comparison of the silvaco TCAD simulation results of the simulated
photocurrent for the graphene and gold electrodes.
be generated. The wider the photocarriers generation beam the higher the
number of carriers generated, the higher the generated photocurrent becomes.
The simulation result showed that due to the transparency of the graphene
nanoelectrodes, a higher photocurrent is generated as compared with the gold
electrodes. Figure 5.6 shows the simulated photocurrent for devices with gold
and with graphene electrodes using S-TCAD. The simulation proved that the
graphene nanoelectrodes obtained more than one order of magnitude higher
photocurrent than that of the gold electrodes over the whole bias measurement
range.
The experimental DC Characterization was performed by applying a maximum
optical power of 25 mW while the bias voltage was varied from 0 V to 40 V. The
graphene nanoelectrodes show a maximum reliable photocurrent of ∼ 4 mA
and an on/off ratio of more than four orders of magnitude due to the high
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FIGURE 5.7: DC characterization of the graphene nanoelectrodes.
FIGURE 5.8: DC characterization of the gold electrodes.
transparency of graphene, as shown in Figure 5.7. The measurement results of
the graphene pads were compared with gold pads. The same characterization
conditions were applied for gold electrodes. The gold electrodes show lower
photocurrent (∼ 0.29 mA) and less on/off ratio (about 2 orders of magnitude)
than graphene electrodes, as shown in Figure 5.8. Additionally, in contrast to
graphene nanoelectrodes, the gold electrodes exhibit a higher dark current
at high bias voltage than the graphene nanoelectrodes. This increase in the
dark current increases the total generated current. Figure 5.9 shows a compar-
ison of the generated photocurrent using graphene and gold electrodes. The
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FIGURE 5.9: Comparison of the DC characterization of the graphene and gold
electrodes.
graphene nanoelectrodes show 40 times at 20 V and about 13 times at 40 V
of bias voltage higher photocurrent than what can be obtained by using gold
electrodes. The reduction of the enhancement at high field is attributed to the
higher dark current of the gold electrodes. It is worth mentioning that the DC
measurements show generally a good agreement to simulation results with
slightly lower overall values.
4. Device Capacitance Results
4.1. Interdigitated graphene nanoelectrodes
Due to the geometry of the interdigital 6-finger shown in Figure 4.19 and
by using equations (4.9) and (4.10), k = 1.1744 × 10−5 and k ′ ≈ 1− k . From
the value of k and by using equation (4.12), the capacitance value for the
interdigital graphene electrodes photomixer was calculated as 2.95 fF. This
value is not far away from the simulation result≈ 3.04 fF. The electrostatic solver
of the CST software was used for the simulation and capacitance calculation.
4.2. Graphene nanoelectrodes with 1 µm single gap and 10 µm width
A single gap between the 2D graphene nanoelectrodes in 10 × 10 µm2 active
area was illustrated in Figure 4.20. By using equation (4.13), the total capac-
itance value was calculated as 2.95 fF. The simulation results confirmed the
numerical calculation, where the CST simulation results showed a very close
value of C ≈ 2.689 fF.
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FIGURE 5.10: CST results of the electric field between the interdigital gold fingers.
4.3. Graphene nanoelectrodes with 1 µm single gap and 5 µm width
A single gap between the 2D graphene nanoelectrodes in 5 × 5 µm2 active
area was illustrated in Figure 4.21. The capacitance value was calculated
by applying the same conformal mapping equation (equation (4.13)). The
total capacitance value was calculated as 1.474 fF. The CST simulation results
confirmed the numerical calculation, where the simulated C ≈ was 1.425 fF.
This reduction in the device capacitance will result in higher output THz power.
5. Electrodes Electrical Characteristic Results
5.1. Interdigitated Gold Electrodes
The interdigitated electrodes configuration based on gold material is illustrated
in Figure 4.22. The simulation results were shown that the generated electric
field between gold fingers was 0.032 V/cm and the total current density was
0.169 A/cm2. The distribution of the electric field between gold fingers shown
in Figure 5.10. The opaqueness of gold electrodes limits the power flow from
the wave source to the photoconductive material. The maximum power flow
for gold electrodes was 4.2× 10−6 V.A/cm2. Figure 5.11 shows the optical power
flow between the electrodes material along the X−axis of the medium.
5.2. 2D Graphene Nanoelectrodes with 1 µm single gap
Figure 4.23 shows 1 µm single gap between the 2D graphene nanoelectrodes.
The electric field between the 2D configuration is the strongest, and it is de-
creasing further and further depending on the position where the photocar-
riers are generating far from the edges of the electrodes. Meanwhile, the
transparency of the graphene sheet enhances the power flow and the optical
to electrical conversion. The simulation results showed that the maximum
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FIGURE 5.11: CST results of the power flow for the interdigital gold fingers.
FIGURE 5.12: CST results of the electric field between the single gap graphene
nanoelectrodes.
electric field between the nanoelectrodes of 0.022 V/cm was calculated. The
electric field distribution between the 2D graphene nanoelectrodes shown in
Figure 5.12. The effect of the transparency of the graphene sheet is shown by
the increasing number of the generated photocarriers, which leads to higher
current density. The maximum simulated current density was 0.735 A/cm2,
which is more than 4 times higher than that of the interdigitated gold electrodes.
Furthermore, the simulation results of the single gap graphene nanoelectrodes
showed a maximum power flow of 11.9 × 10−6 V.A/cm2, which is about 3 times
higher than that of the interdigitated gold electrodes.
5.3. Interdigitated Graphene Nanoelectrodes
Interdigitated graphene nanoelectrodes with the same geometry as the in-
terdigitated gold finger were illustrated in Figure 4.24. The interdigitated
graphene configuration combines the benefits of the transparency of the
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FIGURE 5.13: CST results of the electric field between graphene fingers.
FIGURE 5.14: CST results of the power flow for the interdigital graphene fingers.
graphene and the reduced transit time for the generated photocarriers to
travel from one electrode to another. The simulation results show that the
generated electric field between the graphene fingers is about three times
higher than that of interdigitated gold fingers. The interdigitated configuration
exhibits a maximum electric field around 0.09 V/cm. Due to the transparency
of the graphene sheet, which allows most of the wave beam to propagate and
generates more carriers. The increase in the number of generated carriers
results in a higher current density. The simulation results show that the maxi-
mum power of 11.5 × 10−6 V.A/cm2 can flow for the interdigitated graphene
nanoelectrodes, which is three times higher as compared with the power flow
of the gold electrodes. Figure 5.14 shows the flowing of the power from the
source of the wave to the photoconductive material. The high power flow leads
to an increase in the current density of the material. The simulation results
show that the maximum current density of 3.86 A/cm2 can be generated.
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FIGURE 5.15: Comparison of the CST simulation results of the power flow of the
interdigitated graphene and gold photomixers along the X−axis.
Figure 5.15 shows the standing wave of the optical power fluctuated between
the photoconductive medium and the electrodes material for the interdigitated
graphene and gold electrodes along the X−axis of the medium. Beneath the
fingers, The gold electrodes show zero power because of the opaqueness of
the gold material, which prevents the optical power to propagate through the
electrodes. On the other hand, due to the transparency of graphene, higher
optical power can be reached the photoconductive medium. This will increase
the carrier density between and under the graphene electrodes.
6. Simulation Results Summary
Table 5.2 shows the summary of the CST simulation results for the various
electrode configurations. Due to the high transparency of the graphene sheet,
the optical power flow through graphene nanoelectrodes is higher as compared
to the gold electrodes. The high power flow increases the current densities for
the graphene nanoelectrodes. On the other hand, The interdigitated electrodes
configuration provides a shorter transit time for the carriers because of the
shorter transportation length between the fingers. This affects the value of the
electric field between the electrodes’ fingers. From table 5.2, interdigitated
graphene nanoelectrodes exhibit the highest generated current density and
the electric field between the fingers.
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The measurements are divided into two parts, the DC characterization and the THz
output power measurements for the graphene nanoelectrodes photomixer. The
measurements of the graphene photomixers are divided into three groups. The first
group includes photomixers of single gap graphene nanoelectrodes with 5 µm and
10 µm width. The enhanced performance of the devices is attributed to the effect of
the device’s capacitance. The second group includes a comparison of interdigitated
graphene photomixers with single gap graphene photomixers. The comparison
shows the effect of the photoconductive gain of the photomixers. The third group
shows the various graphene layers’ effect on the performance of the device. The
results were compared with conventional interdigitated photomixer.
5.2.1 DC Measurement Results
The relationship between the applied bias voltage and the generated photocurrent
gives the first indication of the performance of the photomixer device.
1. Single gap graphene photomixers
Photomixers of an active area of 10 × 10 µm2 and 5 × 5 µm2 were fabricated.
6-8 layers graphene material with a single gap of 1 µm was performed as
nanoelectrodes for these photomixers, as shown in Figure 5.16. The active area
of the photomixers was illuminated with optical power, while the bias voltage
was varied. The measurement results of the photomixers were compared
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FIGURE 5.16: Microscopic image of the single gap graphene photomixersa with
active area of: a) 10 × 10 µm2, and b) 5 × 5 µm2.
FIGURE 5.17: Comparison of the DC measurement results of the single gap graphene
photomixer with 5 µm and 10 µm width and conventional interdigitated metal
photomixer.
with the DC characterization of a conventional photomixer with interdigitated
metal finger electrodes. The measurements were performed under the same
conditions for all photomixers, where the active area of the photomixers was
illuminated with a total optical power of 30 mW, while the bias voltage varied
from 0 V to 40 V. The measurement showed that the conventional photomixer
with interdigitated metal electrodes was damaged when a bias voltage reached
∼ 19 V due to the classical device failure in a small area as shown in Figure 5.17.
The photocurrent of the 10 µm photomixer is at least twice higher than the
photocurrent of the conventional interdigitated photomixer. On the same
approach, the 5 µm photomixer showed at least six times higher photocur-
rent than the conventional interdigitated photomixer. The increase in the
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FIGURE 5.18: Microscopic image of the interdigitated 3-5 layers graphene pho-
tomixer.
photocurrent of the photomixers with multilayer graphene nanoelectrodes
due to the transparency of the graphene allows most of the optical beat signal
to propagate through the graphene and increase the number of the excited
carriers which leads to the higher photocurrent. Additionally, due to less ef-
fect of the graphene by the ambient heat, the photomixers with multilayer
graphene nanoelectrodes showed higher stability than the standard metal
photomixer. This is represented by the durability of the photomixers with
multilayer graphene nanoelectrodes at a high bias field (40 V).
2. Interdigitated 3-5 layers graphene photomixer
From equation (2.16), changing the configuration from single gap graphene
nanoelectrodes to interdigitated fingers reduces the photocarriers’ transport
path length. Reducing the length of the optical transport path reduces the
time required for the electron to reach from one electrode to another. In
this approach, the benefit of using the high transparency of graphene will be
combined the reducing the transit time for the electrons transporting between
the two electrodes of the photoconductor with the increasing the number of
the generated photocarriers due to the high transparency of graphene. The
combined benefits result in a higher generated photocurrent and higher THz
output power.
Figure 5.18 shows the interdigitated 3-5 layers graphene photomixer. The
Raman characterization method was performed to confirm the number of
the graphene layers and the existence of the graphene as nanoelectrodes in
the active area of the photomixer. Figure 5.19 shows the Raman spectrum
5.2. Measurement Results 59
FIGURE 5.19: Raman spectra of the 3-5 layers graphene.
FIGURE 5.20: DC caharactrization of the interdigitated photomixer with 3-5 layers
graphene.
of the graphene nanoelectrodes. The Raman characterization was taken at
the Technical University of Darmstadt, Materials Science Department. The D
band in Figure 5.19 is high due to the small size of the graphene fingers’ width.
The position and the amplitude of the G and 2D Band have a good agreement
with the Raman spectrum of the 3-5 layers graphene shown in Figure 3.3.
The generated photocurrent of the photomixer with the interdigitated graphene
nanoelectrodes was performed by applying a bias voltage. The bias voltage
was varied from 0 V to 40 V. The total optical power of 30 mW the active area of
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FIGURE 5.21: Microscopic image of the interdigitated 6-8 layers graphene pho-
tomixer.
10 × 10 µm2 applied very close to the center of the nanoelectrodes, as shown
in Figure 4.10. The maximum reliable generated photocurrent of 1.8 mA at
30 V was achieved before the high voltage damage the device. The dark cur-
rent of the interdigitated 3-5 layers graphene photomixer was characterized
using the same range of the bias voltage without illumination. The maximum
generated dark current of 0.8 nA was reached. Due to the small dark current,
an on/off ratio of more than four orders was achieved. Figure 5.20 shows the
DC characterization of the interdigitated graphene photomixer.
3. Interdigitated 6-8 layers graphene photomixer
The variation in the number of graphene layers directly affects the sheet re-
sistance and current capability. Higher transparency of thinner graphene
increased the illuminated effective area to increase the number of generated
carries. However, a thicker graphene layer is required to carry high current
density and enhance performance and manufacturing reliability. Figure 5.21
shows the interdigitated 6-8 layers graphene photomixer. The number of the
graphene layers and the existence of the graphene nanoelectrodes was con-
firmed using Raman spectroscopy. Figure 5.22 shows the Raman spectrum
of the graphene nanoelectrodes. The D band in Figure 5.19 is high due to the
small size of the graphene fingers’ width. The position and the amplitude of
the G and 2D Band have a good agreement with the Raman spectrum of the
6-8 layers graphene shown in Figure 3.4. The total optical power of 30 mW
was illuminated the active area of the interdigitated 6-8 layers graphene pho-
tomixer. The DC characterization of the interdigitated 6-8 layers graphene
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FIGURE 5.22: Raman spectra of the 6-8 layers graphene.
FIGURE 5.23: DC caharactrization of the interdigitated photomixer with 6-8 layers
graphene [99].
photomixer was taken by varying the bias voltage from 0 V to 40 V. The interdig-
itated 6-8 layers graphene photomixer showed a maximum reliable generated
photocurrent of 3 mA at 40 V without damage to the device and an on/off ratio
of five orders of magnitude can be achieved, where the photomixer exhibits a
dark current of 0.4 nA. The ability of the interdigitated 6-8 layers graphene pho-
tomixer to operate under a high bias field is attributed to the thicker graphene
nanoelectrodes, which enhance the current flow and increases the reliability.
Figure 5.23 shows the difference between the generated photocurrent and dark
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FIGURE 5.24: Comparison of the DC caharactrization of the interdigitated 3-5 and
6-8 layers graphene photomixers [100].
current. The DC measurement results of the photomixer with interdigitated
6-8 layers graphene nanoelectrodes were compared with the obtainable gen-
erated photocurrent of the photomixer with interdigitated 3-5 layers graphene
nanoelectrodes as well as the conventional interdigitated metal photomixer
from Figure 5.17. The generated photocurrent of both interdigitated graphene
photomixers is at least one order higher than the generated photocurrent of
the conventional interdigitated metal photomixer due to the transparency of
the graphene which allows almost all of the optical beat signal to propagate
through the graphene combining with the shorter transit time required for
the generated carriers to travel from one electrode to another. The use of
transparent interdigitated graphene increases the carrier density that leads
to a higher photocurrent. On the other hand, due to the higher transparency
of the 3-5 layers graphene than the 6-8 layers graphene, the generated pho-
tocurrent of the 3-5 layers graphene was higher at low bias voltage (< 6 V). On
the other hand, by increasing the bias voltage above 6 V, the lower resistivity
of the 6-8 layers graphene plays a crucial effect to increase the current flow
and handling a high photocurrent, which more than 30 V can be reached, see
Figure 5.24.
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5.2.2 THz Signal Measurement Results
Two detuned DFB-LDs (center wavelength∼ 850 nm) were used to generate the opti-
cal beat signal (P = 30 mW) with a beating frequency corresponding to the frequency
difference between the two DFB-LDs. By changing the frequency difference between
the two DFB-LDs, the range between 50 GHz and 1 THz was covered. A bias voltage
of 15 V was chosen to accelerate the photogenerated carriers. The corresponding
THz output power of the device can be calculated by dividing the measured lock-in
signal (voltage) by the responsivity of the Golay cell at a certain chopping frequency.
As expected from the results of the DC measurements, a significant improvement
is obtained in the THz measurement results due to the use of multilayer graphene
nanoelectrodes instead of the interdigitated metal finger electrodes.
1. Single gap 6-8 layers graphene photomixers
The lock-in signal level is clearly increased for the whole THz measurement
range, see Figure 5.25. Due to the transparency of the multilayer graphene
nanoelectrodes, the single gap graphene photomixers with 5 µm photomixer
exhibits more than one order of magnitude higher THz output signal than the
THz output signal of the conventional interdigitated photomixer for the whole
measurement range. While the single gap graphene photomixers with 10 µm
photomixer show more than twice THz output signal higher than what can be
achieved from the conventional interdigitated photomixer. The significant en-
hancement in THz output signal of the single gap graphene photomixers with
5 µm photomixer is attributed to the transparency of the graphene combining
with the lower device capacitance, which is half the device capacitance of the
single gap graphene photomixers with 10 µm photomixer. The equation (2.17)
confirms that the lower the capacitance the higher the THz output power.
2. Interdigitated 3-5 layers graphene photomixer
The measurement results of the interdigitated 3-5 layers graphene photomixer
were compared with the THz output signal of the conventional interdigitated
metal photomixer. The measurements of the THz output signal were per-
formed under the same measurement conditions. The interdigitated 3-5 layers
graphene photomixer shows about one order of magnitude higher THz output
signal than what can be obtained by the conventional interdigitated metal
photomixer, see Figure 5.26. The higher THz output signal is due to the high
transparency of the graphene nanoelectrodes.
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FIGURE 5.25: Comparison of the THz output signal measurement of the single gap
graphene photomixers and the conventional interdigitated metal photomixer.
FIGURE 5.26: Comparison of the THz output signal measurement of interdigitated
3-5 layers graphene and metal photomixer.
The measurement results were compared with the obtained THz output signal
of the single gap graphene photomixers. The interdigitated 3-5 layers graphene
photomixer shows a higher THz output signal than what can be obtained by
the single gap graphene photomixer with 10 µm, see Figure 5.27. The higher
THz output signal is due to higher photoconductor gain. The transit time of
the electron from one to another graphene nanoelectrode is shorter in the
interdigital configuration compared to the single gab design of the 6-8 layers
graphene. Furthermore, the higher transparency of the 3-5 layers graphene
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FIGURE 5.27: Comparison of the THz output signal measurement of the single gap
graphene photomixers and the interdigitated 3-5 layers graphene photomixer [101].
used in the interdigital structure can enhance the THz output signal. On the
other hand, the lowest capacitance value and the enhanced current flow in
the 6-8 layers graphene allows the single gap graphene photomixer with 5 µm
to provide the highest THz output signal. Where the device capacitance of
interdigitated, single gap and 5 µm width, and single gap and 10 µm width
graphene nanoelectrodes were ∼ 3 fF, ∼ 2.9 fF, and ∼ 1.4 fF, respectively. There-
fore, the THz output signal of the 5 × 5 µm2 6-8 layers graphene photomixer
with a single gap of 1 µm is higher especially in the upper part of the THz
regime as shown in Figure 5.27.
3. Interdigitated 6-8 layers graphene photomixer
A similar THz output signal measurement was performed for the interdigitated
6-8 layers graphene photomixer. The measurement scan was performed using
the python program with 5 GHz frequency steps to obtain a highly accurate
measurement. The same measurement conditions were applied here (the total
optical power is 30 mW, the wavelength is ∼ 850 nm, and the bias voltage is
15 V). The measurement results were compared with the THz output signal of
the conventional interdigitated metal photomixer. Similar to the interdigitated
3-5 layers graphene photomixer, the interdigitated 6-8 layers graphene pho-
tomixer shows one order of magnitude higher THz output signal than the THz
output signal of the conventional interdigitated metal photomixer as shown
in Figure 5.28. The enhancement in the THz output signal is attributed to the
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FIGURE 5.28: Comparison of the THz output signal measurements of the interdigi-
tated 6-8 layers graphene and metal photomixers.
high transparency of graphene and the high capability of graphene to handle
higher photocurrent.
The effect of the variation of the graphene layers on the THz output signal was
investigated by comparing the measurement results. The THz measurements
of the interdigitated 6-8 layers graphene photomixer were compared with the
THz measurements of the interdigitated 3-5 layers graphene photomixer. Due
to the less resistivity of the 6-8 layers graphene, the current flow in the thicker
graphene layers was increased. This increasing the current flow provides a
higher capability to handle higher photocurrent and a higher THz output signal
can be achieved. Figure 5.29 shows the tendency of the THz output signal
of the photomixers with the interdigitated graphene nanoelectrodes. The
photomixer with 6-8 layers graphene nanoelectrodes shows a slightly higher
power than the output power of the photomixer with 3-5 layers graphene
nanoelectrodes especially in the upper part of the THz regime.
Figure 5.30 shows how much the performance has been improved over the
entire measurement range for THz photomixer by using interdigitated 3-5 and
6-8 layers graphene configuration instead of conventional metal electrodes.
The output power of the interdigitated 3-5 layers graphene photomixer im-
proved by a factor of five at low frequency (> 800 GHz) as compared to the
conventional interdigitated photomixer, in the high-frequency range even
more than one order of magnitude higher output power levels were achieved.
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FIGURE 5.29: Comparison of the THz output signal measurements of the interdigi-
tated 3-5 and 6-8 layers graphene photomixers.
The interdigitated 6-8 layers graphene photomixer exhibits higher output
power for the whole measurement range. This increase in the output power
is attributed to the less resistivity of the 6-8 layers graphene, which enhances
the current flow in the thicker graphene layers. Generally, all THz photomix-
ers showed approximately the same noise level. Therefore, the improvement
in the THz output signal of a photomixer allows the device to operate as a
THz source for much broader frequency ranges than that of the conventional
interdigitated photomixer under the same antenna specifications.
5.3 Summary
The effect of using graphene as nanoelectrodes for various CW THz sources was
investigated. Various designs (single gap and interdigitated configurations) were
implemented using various graphene layers (3-5 and 6-8 layers). The nanoelectrodes
design changes the device capacitance and the transit time for the carriers to travel
from one electrode to another. This affects the value of the THz output signal. The
single gap graphene photomixers with 5 µm show a significant reduction in the
device capacitance, which allows one order higher THz output signal higher than
that of the conventional interdigitated metal photomixer. On the other hand, the
interdigitated nanoelectrodes exhibit a shorter transit time required for the carriers to
travel from one finger to another. Due to this reduction of the transit time combined
with the high transparency of graphene, the interdigitated graphene photomixer
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FIGURE 5.30: The ration of the performance of the interdigitated 3-5 and 6-8 lay-
ers graphene photomixers to the performance of the conventional interdigitated
metallic photomixer over the whole spectral range of the measurement.
shows more than one order of magnitude higher THz output signal than what can
be achieved by the conventional interdigitated metal photomixer. Furthermore, the
number of graphene layers plays a big role in the electrical and optical properties of
graphene nanoelectrode. On one hand, thinner graphene increases the transparency
of the nanoelectrodes to improve the power conversion efficiency, and on the other
hand, thicker graphene is required to carry high current densities and enhance the
photomixer performance. The interdigitated 6-8 layers graphene photomixer shows
higher reliability at high photocurrent than the interdigitated 3-5 layers graphene
photomixer.
Chapter 6
Graphene Based THz Detector
The significant advantage of photomixer devices is that they can also be used as THz
detectors. In this approach, a detector (photomixer) will be operated without an
external bias for a THz wave originated from an emitter (another photomixer). For
CW detection, the same optical beat signal, which is previously used to generate
THz waves by applying a bias field, is also used to generate free carriers, which will
be separated by the received THz waves and delivered to the detector antenna. The
detected photocurrent is proportional to the product of the optical beat signal and
the THz wave intensity. Therefore, the same principle of increasing the generated
photocurrent is applied here. Increasing the number of generated photocarriers will
result in a higher detected photocurrent.
THz detectors based on interdigitated graphene and gold photomixers were
compared using a commercial THz source from TOPTICA Photonics GmbH. For
this purpose, the commercial THz source was established in a homodyne coherent
detection using the mechanical optics in Figure 4.10. A Si lens is used to collimate
THz waves onto the photomixer detectors. In contrast to the Golay Cell detector,
the Si lens has a smaller aperture window. Therefore, accurate system alignment is
required for measurements to be made.
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6.1 THz Setup Alignment
A TeraScan 780 system was borrowed from TOPTICA Photonics GmbH to character-
ize the graphene-based THz photodetectors. The TeraScan 780 system is based on a
spiral emitter and detector photomixers. The optomechanical assembly in Figure 6.1
consists of two 3-axis stages. Each one has used to adjust one photomixer. There are
also two parabolic mirrors, each one has 2 off-axis to collimate and refocus the THz
beam. Both combined packages with the photomixers were mounted vertically on a
rail, which can be considered as a manual delay stage. The length of the collimated
beam path can easily change by moving one of the combined packages or both of
them. This step was done to achieve a zero path difference between the receiver and
the THz generation arm including the collimated beam path. When the system is
correctly aligned, such a length shift should only have a minimal impact on the THz
amplitude. It is worth mentioning that changing the length of the collimated beam
path does not change the beam alignment, but serves to vary the THz phase.
The THz setup preparation was performed by applying four steps as follows:
1. Alignment the collimated THz beam using a visible light source.
Visible light was mounted in the same position as the THz source. A target
sign was placed in the same position as the THz receiver. The two mirrors
were adjusted by their 2 off-axis to achieve the light spot in the center of the
target sign. Fine adjusting to the mirrors should be made so that when the
distance between the mirrors is changed, the light spot does not change from
the center of the target sign.
2. Alignment the vertical position of the photomixers.
The photomixers were placed in their positions. the vertical alignment was
adjusted for both photomixers so that both photomixers have the same height.
the distance between the front facet of the photomixers and the center of
the mirrors. According to the datasheet provided by TOPTICA, the optimum
distance should be 30 mm.
3. Alignment the collimated THz beam using the THz photomixers.
The control system was used to measure the primary non-zero THz signal. If
there is no signal at all, then start at a lower frequency (e.g., 100 GHz or 200
GHz). At lower frequencies, both, terahertz power and detection efficiency
are higher and therefore the signal is stronger. Also, the larger wavelength
facilitates the alignment. Fine chancing of the distance was made to achieve
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FIGURE 6.1: TU Darmstadt detection system using Toptica source and detector.
a positive or negative maximum of the signal. The goal of these steps is, to
adjust the amplitude so that it matches, as much as possible, the value of the
received signal specified in the production and quality control datasheet of
TOPTICA [102].
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FIGURE 6.2: Spectrum acquired with TU Darmstadt optomechanics.
4. Checking the THz path alignment.
Both photomixers were moved together back and forth in the same direction
of the collimated THz beam path. If there is no change in the value of the
detected photocurrent signal, means the photomixers are in good alignment.
Noise characteristics of photoconductive detectors are very important. The noise
photocurrent in the receiver Ino i s e can easily be determined by switch off the pho-
tomixer based emitter, and recording the generated current at the receiver. The
resulting root mean square value is the measure of Ino i s e . Once the noise properties
are known, the dynamic range D R of the terahertz power is computed via
D R ( f ) = 20 log

Is i g na l ( f )
Ino i s e

(6.1)
whereIs i g na l ( f ) is the signal photocurrent at a given frequency f . The dynamic range
of TOPTICA’s TeraScan 780 system is given in [102]. The obtained dynamic range
that achieved (with 300 ms of integration time) shown in Figure 6.2 is considered
as an accepted value for the system. By that, the coherent THz detection system is
ready to characterize the THz receivers.
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FIGURE 6.3: Microscopic image of the spiral antenna with interdigitated graphene
configuration.
6.2 Graphene Detector Fabrication
A Multilayer graphene photomixer was fabricated to investigate the performance
of the multilayer graphene as transparent nanoelectrodes to enhance the perfor-
mance of the photomixer devices as THz detectors. Since the commercial THz
emitter is based on a spiral antenna, which provides a circularly polarized wave, a
spiral antenna was used to fabricate the graphene photomixer with interdigitated
nanoelectrodes. The method of manufacturing the device is not different from
the method of manufacturing the devices in 4.2. Where the 6-8 layers graphene is
transferred first on top of LTG-GaAs substrate. Then Ni (25 nm) and Au (150 nm)
were evaporated to form the spiral antenna with an active area of 10 × 10 µm2. The
interdigitated nanoelectrodes were formed using the optical lithography process.
The fingers’ length and width were 9 µm and 0.5 µm, respectively. The spacing gap
between fingers was 1.5 µm. A layer of SiNx was deposited on top of the device to
isolate the nanoelectrodes from environmental contamination as well. The optical
microscopic image of the spiral antenna with interdigitated graphene configuration
is shown in Figure 6.3.
Scanning electron microscope and Raman spectroscopy were used to confirm
the presence of graphene and the number of the graphene layers in the active area
between the antenna contacts. Figures 6.4 and 6.5 show the SEM image and the
Raman spectrum for the 6-8 layers graphene nanoelectrodes. The amplitude of the
2D peak of the Raman spectrum in Figure 6.5 confirms the thickness of the 6-8 layers
graphene provided by [77].
74 6. Graphene Based THz Detector
FIGURE 6.4: SEM photos of interdigitated graphene photomixer.
FIGURE 6.5: Raman spectra of the 6-8 layers graphene.
6.3 THz Measurements and Results
Interdigitated THz photomixers with graphene and with gold electrodes were char-
acterized as detectors using TOPTICA TeraScan 780 system. Where the commercial
THz receiver in Figure 6.1 was replaced with the interdigitated graphene and gold
photomixers, as shown in Figure 6.6. Two detuned DFB-LDs (λ = 780 nm) were used
in a homodyne detection system. The total optical power of 31 mW and 30.5 mW
were used to illuminate the active area of the emitter and the detector photomixers,
respectively. The radiation range of the THz beam was tuned by varying the fre-
quency difference between the two detuned DFB-LDs. A scanning range of the THz
radiation from 50 GHz to 1.9 THz was obtained. With a very fine adjustment of the
optomechanical parts, a frequency-dependent photocurrent for both photomixers
can be detected. When the terahertz frequency is scanned, the photocurrent mea-
sured in the receiver exhibits a sinusoidal pattern. The amplitude of the sinusoidal
6.3. THz Measurements and Results 75
FIGURE 6.6: THz detectors characterization.
function of the measured photocurrent is decreased for a higher frequency, as shown
in Figure 6.7.
TOPTICA’S TeraScan Control software offers the possibility to compute the enve-
lope photocurrent in real-time, where the envelope of the fringe pattern yields the
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FIGURE 6.7: Comparison of the detected THz photocurrent of the interdigitated
graphene and gold photomixers.
terahertz spectrum.
For the measurement, the frequency step of 0.05 GHz was chosen. Figures 6.7 and
6.8 show the detected and the envelope of the THz photocurrent for the photomixer
with graphene nanoelectrodes and in comparison with the reference data obtained
using the conventional photomixer with gold electrodes, respectively. From the
measurement results, due to the high transparency of graphene nanoelectrodes,
the range of oscillated photocurrent of the interdigitated graphene photomixer is
higher than that of the conventional interdigitated gold photomixer over the whole
frequency range. The envelope of the detected photocurrent of the photomixer with
interdigitated graphene nanoelectrodes exhibits more than one order of magnitude
higher than the obtained photocurrent detected by the conventional interdigitated
gold photomixer. Furthermore, the photomixer with graphene nanoelectrodes was
able to detect the THz beam up to 1.25 THz, which is considered as twice the spectral
range of the detected THz beam by the conventional interdigitated photomixer, up
to 600 GHz. This enhancement in the device performance is attributed to the high
conductivity and high transparency of graphene, which allows almost all of the light
beam to propagate through the nanoelectrode material and increase the number of
carriers that are used to modulate the THz biasing field, on one hand. On the other
hand, the high THz absorption by the thin graphene layer leads to generate a higher
electrical field between the antenna contact.
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FIGURE 6.8: Comparison of the envelope of the detected THz photocurrent of the
interdigitated graphene and gold photomixers.
6.4 Summary
Room temperature coherent detection of CW THz radiation was demonstrated in
this chapter using interdigitated photomixers with graphene nanoelectrodes. The
photomixer fabricated on LTG-GaAs as photoconductive material. The measure-
ment results were compared with conventional interdigitated metal photomixer.
The high transparency of the graphene sheet allows almost all of the light beam to
propagate through the nanoelectrodes. The high the propagated light, the higher
the carrier density, the higher the detected current. The measurement results show
more than one order of magnitude higher detected current as compared to the
detected current of the conventional interdigitated photomixer. Additionally, the
interdigitated graphene receiver was able to detect twice the range of the detected
THz beam by the conventional interdigitated gold receiver. This offers a path to
produce highly responsive devices for THz applications.

Chapter 7
Hybrid Nanoelectrodes Based THz
Emitter
Chapter 3 and Chapter 4 have discussed the enhanced performance of the THz
sources and detectors based on graphene nanoelectrodes photomixer devices. In
this chapter, the performance enhancement of the THz photomixer will be discussed
using hybrid nanoelectrodes based on graphene and silver nanowire.
7.1 Advantages of the Hybrid Nanoelectrodes
Similar to graphene, nanowires demonstrate unprecedented enhanced functions
essential to many areas of technology [103–105]. Silver nanowire (Ag-NW) THz pho-
tomixer has shown approximately one order of magnitude lower device capacitance
than the conventional interdigitated photomixer. The reduction in the value of the
device capacitance is due to the low fill factor (small contact area) in the active area
of the photomixer. The effect of the low capacitance of the Ag-NW based photomixer
results in a higher generated photocurrent, higher THz power, and wider frequency
range as compared to conventional interdigitated photomixers [22]. Another reason
for this enhancement of the Ag-NW based THz photomixer is the surface plasmon
polaritons (SPP), which are obtained from the wave patterns of the SPP on the Ag-NW.
The SPP on the Ag-NW was measured using a scattering-type scanning near-field
optical microscope. [106]. The surface of the Ag-NW is atomically smooth, which
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reduces the overall propagation loss as compared to other materials. However, due
to the very small structures, the light coupling for plasmon excitation into Ag-NWs
remains a practical issue [107]. Furthermore, due to the low fill factor of the Ag-NW
and the long transit time for the generated photocarriers, which are generated far
from the nanowire, the contribution of these generated photocarriers will be lost.
One of many solutions to these problems is employing the use of graphene and
Ag-NW as hybrid nanoelectrodes for the photomixer.
The combined use of graphene and Ag-NW enhances the performance of the
device that was reported in [108–110], which makes them a very promising material
as a hybrid nanoelectrodes for THz photomixer devices. The NWs with a low fill
factor can improve their own conductive paths by the conductivity of graphene.
Where the photocarriers that generated far from the Ag-NWs will be drifted to the
Ag-NWs electrodes through graphene. In this approach, graphene will act as a local
transport center, and hence, the mean free path of the photocarriers will be reduced.
Due to the reduced path of the photocarriers, the carrier lifetime will be reduced.
Furthermore, the plasmonic enhancement at the edges of the graphene creates rich
sources of generated photocarriers resulting in high drift current densities. The
drifted current will be captured by the Ag-NW due to the presence of the SPP of
the Ag-NW. The Ag-NW serves as a highly capable transport waveguide for the high
current densities. Accordingly, the charge will transport simultaneously in the hybrid
nanoelectrodes depending on the conductivity of the graphene and Ag-NW, where
each part complements the advantages of the other component [109].
In this work, the hybrid nanoelectrodes for a CW THz photomixer consist of Ag-
NW and various graphene types. Graphene flakes and multilayer graphene sheets
as islands were fabricated as a part of nanoelectrodes. Due to the small size of the
graphene, the light will be confined around the graphene. This light confinement
will enhance the electric field between the graphene. The prediction of the electric
field enhancement due to the light confinement was studied using Microwave Studio
CST software.
Despite the very small size of the nanomaterial, the nanoelectrodes provide the
capability of handling rather high currents [22], Where the high transparency and
conductivity of graphene with the low fill factor of nanowire nanoelectrodes leading
to higher photocurrents and higher THz output signals as compared with that of the
conventional interdigitated finger electrodes.
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FIGURE 7.1: The simulated layout of the hybrid nanoelectrodes based on
100 × 100 nm2 graphene flakes and 300 nm nanowire.
FIGURE 7.2: The CST simulation results of the generated electric field between the
nanoelectrodes (100 × 100 nm2 graphene flakes and 300 nm nanowire).
7.2 Hybrid Nanoelectrodes Simulations
Hybrid nanoelectrodes photomixers were simulated using the Microwave Studio
CST software. The generated electric field between the nanoelectrodes due to var-
ious graphene sizes and Ag-NW were compared. The simulations were classified
according to the graphene sizes and the diameter of the nanowire.
7.2.1 100 × 100 nm2 Graphene and 300 nm Nanowire
Patterned graphene with optimized separation of graphene nanoparticles will im-
prove the spatial plasmonic motion of the photocarriers drifted to the Ag-NW elec-
trodes. For the simulation, the dimensions of graphene squares were 100 × 100 nm2
and the thickness was 3 nm to mimic the graphene flakes. The separation between
the squares was fixed to be 100 nm. Two Ag-NWs with a diameter of 300 nm were
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FIGURE 7.3: The CST simulation results of the generated current density of the
hybrid nanoelectrodes (100 × 100 nm2 graphene flakes and 300 nm nanowire).
FIGURE 7.4: The CST simulation results of the surface current of the hybrid nano-
electrodes (100 × 100 nm2 graphene flakes and 300 nm nanowire).
located at the center of the simulated active area with a 1 µm separation gap be-
tween them, see Figure 7.1. A full plane wave (electromagnetic wave) was located
at a distance of 0.25 µm from the structure. From the simulation results, it is very
clear that the light is confined around the graphene squares due to the small size of
the graphene squares. This light confinement enhances the electric field between
the graphene squares. The simulation results show a maximum electric field of
0.295 V/cm, as shown in Figure 7.2, which is about one order of magnitude higher
than the value of the electric field of the gold electrodes, see section 5.1. Due to the
high transparent graphene squares, which allows almost all of the optical beat signal
to propagate through graphene material and increase the carrier density, the maxi-
mum current density of 13 A/cm2 for the hybrid nanoelectrodes was calculated, see
Figure 7.3. The high current density was confined close to the edges of the squares.
Because of this confinement, the generated photocarriers are transported between
7.2. Hybrid Nanoelectrodes Simulations 83
FIGURE 7.5: The simulated layout of the hybrid nanoelectrodes based on
500 × 500 nm2 graphene islands and 300 nm nanowire.
FIGURE 7.6: The CST simulation results of the generated electric field between the
nanoelectrodes (500 × 500 nm2 graphene islands and 300 nm nanowire).
these squares by a spatial plasmonic field, and this makes the graphene squares act
as connected rather than isolated. The generated photocarriers are drifted to the Ag-
NW. In this way, the conductivity of the NWs was improved by the high conductivity
of the graphene squares, where the simulation results show a maximum surface
current of 133 × 10−6 A/cm between the graphene squares and Ag-NW, as shown in
Figure 7.4. Despite the small size of the Ag-NWs provide the necessary capability of
handling rather high currents.
7.2.2 500 × 500 nm2 Graphene and 300 nm Nanowire
The graphene islands (GIs) were mimicked and simulated as squares. The properties
of the photoresist material used for the optical lithography process limit the pattern
resolution to around 400 nm. Therefore, graphene was formed as squares with
500 × 500 nm2. The space gap between the graphene squares is 500 nm. The same
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FIGURE 7.7: The CST simulation results of the generated current density of the
hybrid nanoelectrodes (500 × 500 nm2 graphene islands and 300 nm nanowire).
FIGURE 7.8: The CST simulation results of the surface current of the hybrid nano-
electrodes (500 × 500 nm2 graphene islands and 300 nm nanowire).
configuration was used for the simulation, see Figure 7.5. The simulation results have
a good agreement with the theory, the bigger the space gap between the graphene
squares the less the electric field enhancement can be served. The 500 × 500 nm2
graphene squares show a maximum electric field of 0.22 V/cm between the squares,
as shown in Figure 7.6. However, the electric field between the squares is higher by
7 times than the electric field between conventional interdigitated fingers. Therefore,
the reduction in the electric field enhancement between the graphene squares rather
than graphene flakes is still acceptable. The high transparency of the graphene
squares provides a maximum current density of 11.8 A/cm2, see Figure 7.7. On the
other hand, the bigger the graphene area connecting the nanowire the higher the
surface current flow can be achieved. The simulation results show the maximum
surface current of 148 × 10−6 A/cm flowing between the graphene squares and Ag-
NW, as shown in Figure 7.8, which is higher than the surface current between the
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FIGURE 7.9: The simulated layout of the hybrid nanoelectrodes based on 1 × 1 µm2
graphene islands and 300 nm Ag-NWs.
FIGURE 7.10: The CST simulation results of the generated electric field between the
nanoelectrodes (1 × 1 µm2 graphene islands and 300 nm Ag-NWs).
graphene flakes and Ag-NW.
7.2.3 1 × 1 µm2 Graphene and 300 nm Nanowire
The fabrication of graphene squares with 500 × 500 nm2 is not possible and needs
a lot of optimization because of the properties of the photoresist material. There-
fore, graphene squares of 1 × 1 µm2 with 1 µm of space gap between the graphene
squares was designed to compare the electric field, current density, and surface cur-
rent enhancements. Figure 7.9 show the new hybrid graphene squares and Ag-NW
nanoelectrodes design. The simulation results show a maximum electric field of
0.2 V/cm, a maximum current density of 12 A/cm2, and a maximum surface current
of 170 × 10−6 A/cm as shown in figures 7.10, 7.11, and 7.12, respectively. The reduc-
tion in the value of the enhanced electric field and is attributed to the big space gap
between graphene squares. On the other hand, the big size of the squares which
86 7. Hybrid Nanoelectrodes Based THz Emitter
FIGURE 7.11: The CST simulation results of the generated current density of the
hybrid nanoelectrodes (1 × 1 µm2 graphene islands and 300 nm Ag-NWs).
FIGURE 7.12: The CST simulation results of the surface current of the hybrid nano-
electrodes (1 × 1 µm2 graphene islands and 300 nm Ag-NWs).
touches the Ag-NW provides an increase in the value of the surface current flow
between the graphene squares and Ag-NW. Table 7.1 shows a summery of the CST
simulation results for hybrid nanoelectrodes using various graphene configurations.
7.3 Hybrid Nanoelectrodes Photomixer Fabrication
The hybrid nanoelectrodes photomixers fabrication is classified into two categories
according to the graphene types. In the first group, the hybrid nanoelectrodes are
based on nitrogen-doped single-layer graphene (N+SLG) flakes (lateral size 0.5-5µm,
obtained from ACS Material LLC.) and 300 nm Ag-NW [77]. In the second group,
the hybrid nanoelectrodes are based on multilayer graphene islands and 120 nm or
300 nm Ag-NW.
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TABLE 7.1: Comparison of the CST simulation results for the hybrid nanoelectrodes
using various graphene configurations.
Hybrid nanoelectrodes based on Ag-NW and
100 × 100 nm2
graphene flakes
500 × 500 nm2
graphene islands










133 × 10−6 148 × 10−6 170 × 10−6
FIGURE 7.13: Dispersed graphene flakes in the solvent liquid.
7.3.1 Hybrid Nanoelectrodes Based on Ag-NW and Graphene Flakes
The fabrication of the THz hybrid nanoelectrodes photomixer based on Ag-NW and
graphene flakes are a little bit different from the multilayer graphene photomixer.
For this type of photomixer, firstly, a log-periodic antenna was formed on top of the
LTG-GaAs wafer using a standard optical lithography process. Then, the antenna
was fabricated by evaporating Ti(25 nm) and Au(150 nm). Secondly, N+SLG flakes
were dispersed in ethanol with a dispersion aid [Sodium Dodecyl Benzene Sulfonate
(SDBS)] with the properties 0.1 mg, 1 ml, and 10 mg, respectively. Thirdly, this
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FIGURE 7.14: Schematic diagram of the photomixer with hybrid electrodes
(N+SLG/Ag-NW) on LTG-GaAs.
FIGURE 7.15: Optical microscope image of the photomixer with hybrid electrodes
(N+SLG/Ag-NW) on LTG-GaAs.
dispersed graphene was mixed with Ag-NW (∅ 300 nm). Few drops of the mixed
solution were applied in the antenna gap to deposit the graphene flakes in random
positions and the nanowire was randomly aligned to perform as nanoelectrodes
between the antenna contacts. Figures 7.13 shows the dispersed method of the
graphene flakes in the solvent liquid. Figures 7.14 and 7.15 the schematic diagram
and the microscope image of the hybrid nanoelectrodes photomixer based on N+SLG
and Ag-NW on LTG-GaAs. However, controlling the fabrication of small gaps (in the
range of 100 nm) between the graphene flakes is impossible since the location of the
graphene flakes and the Ag-NW are located randomly. Therefore, an optimized gap
between the graphene can result in optimum field enhancements and higher THz
signal powers. The gap between graphene could be optimized by using multilayer
graphene instead of graphene flakes and patterning the multilayer graphene into
graphene islands.
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FIGURE 7.16: Optical microscope image of the photomixer with graphene islands.
FIGURE 7.17: Comparison of the generated photocurrent for the photomixer with
and without graphene islands.
7.3.2 Hybrid Nanoelectrodes Based on Ag-NW and Graphene Is-
lands
The fixed location for the graphene is extremely important to enhance the plasmonic
effect between the nano components. For this problem, forming graphene islands
using a standard optical lithography process was proposed. From table 7.1, hybrid
nanoelectrodes based on Ag-NW and 1× 1µm2 graphene squares is considered a rea-
sonable configuration to be fabricated. The fabrication of the hybrid nanoelectrodes
based on Ag-NW and graphene islands can be done by two major steps:
1. Graphene Islands Fabrication
The fabrication of the graphene islands is not different than the fabrication of
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the interdigitated graphene fingers, detailed in section 4.3, except that there
is no SiNx layer on top of the chip. Figure 7.16 shows an optical microscopic
image of the photomixer with photoresist on top of the 1 × 1 µm2 graphene
islands. The effect of the islands in the active region was tested by a DC char-
acterization method. The DC measurement was compared with an open gap
photomixer. Figure 7.17 shows the comparison of the generated photocur-
rent for photomixer with and without graphene islands. The photomixer with
graphene islands exhibits a maximum generated photocurrent of 0.578 mA,
which is one order higher photocurrent than that of the open gap photomixer
(0.0546 mA). The enhancement in the generated photocurrent is attributed to
the reduced transport path for the generated photocarriers.
2. Ag-NW Alignment
Industrial Ag-NWs were purchased from ACS Material LLC. [77]. Two diam-
eters (∅ = 120 nm and 300 nm) were investigated with graphene islands as
hybrid nanoelectrodes. The Ag-NWs were dispersed in ethanol. Placement
under the microscope method was used for the Ag-NWs distribution and align-
ment. Where a drop of ethanol with Ag-NWs is placed very close to the active
region of the photomixer using a thinned toothpick. This step is very critical,
therefore, an optical microscope was used to avoid touching the active region.
Any contact to the active region by the toothpick will remove the graphene
islands. This method is not accurate and a lot of optimization is required to
save time and achieve high performance. Figure 7.18 and 7.19 show an optical
microscopic image for the hybrid nanoelectrodes photomixer using Ag-NW
with a diameter of 120 nm and 300 nm, respectively.
7.4 DC Measurement Results
The DC characterization for the hybrid nanoelectrodes photomixers was measured
using the setup in Figure 4.10. The measurement results were compared with the
DC characterization of a conventional interdigitated photomixer.
1. Hybrid nanoelectrodes Based on Ag-NW and Graphene Flakes
The hybrid nanoelectrodes photomixer, shown in Figure 7.15, was character-
ized using a total optical beat power of 28 mW to illuminate the active area
of the photomixer. On the other hand, the bias voltage varied from 0 - 15 V.
The DC characterization of the hybrid nanoelectrodes photomixer, shown in
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FIGURE 7.18: Optical microscopic image of the hybrid nanoelectrodes photomixer
using 120 nm Ag-NW.
FIGURE 7.19: Optical microscopic image of the hybrid nanoelectrodes photomixer
using 300 nm Ag-NW.
Figure 7.20, showed a highly reliable maximum photocurrent of ∼ 1.8 mA, a
small dark current of 90 nA, and an on/off ratio of more than four orders of
magnitude as reported in [111].
The DC measurement results were compared to a conventional photomixer
with interdigitated metal finger electrodes using the same conditions above.
The conventional photomixer showed a maximum generated photocurrent of
260 µA before local heating damages the device at 15 V. The hybrid nanoelec-
trodes showed an increase of the maximum achievable photocurrent under
reliable conditions by more than 7 times due to the improved conductivity.
Figure 7.21 shows a comparison of the DC characteristic between the hybrid
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FIGURE 7.20: DC caharactrization of the photomixer with hybrid electrodes
(N+SLG/Ag-NW).
FIGURE 7.21: DC caharactrization of the photomixer with hybrid electrodes
(N+SLG/Ag-NW).
nanoelectrodes photomixer and the conventional interdigitated metal finger
electrodes photomixer.
2. Hybrid Nanoelectrodes Based on Graphene Islands and 120 nm Ag-NW
The active area of the photomixer was illuminated with a total optical power of
30 mW. The dark and the generated photocurrents of the device were measured
by varying the bias voltage from 0 V to 40 V. the measurement results showed a
maximum photocurrent of 2.58 mA, a small dark current of ∼ 25 nA, and an
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FIGURE 7.22: DC caharactrization of the hybrid nanoelectrodes based on 1 × 1 µm2
graphene islands and 120 nm Ag-NWs.
FIGURE 7.23: Comparison of the generated photocurrent for the photomixer with
hybrid nanoelectrodes based on 1 × 1 µm2 graphene islands and 120 nm Ag-NWs
and the photomixer with graphene islands.
on/off ratio of more than five orders of magnitude, as shown in Figure 7.22.
The generated photocurrent of the hybrid nanoelectrodes photomixer was
compared with that of the photomixer with graphene islands. It is very clear
the conductivity of the NW was improved by the conductivity of the graphene
islands. Where the generated photocurrent was improved by approximately
five times, see Figure 7.23.
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FIGURE 7.24: DC caharactrization of the photomixer with hybrid nanoelectrodes
based on 1 × 1 µm2 graphene islands and 300 nm Ag-NWs.
3. Hybrid Nanoelectrodes Based on Graphene Islands and 300 nm Ag-NW
The 120 nm Ag-NW was replaced by a 300 nm Ag-NW. The various diameter
size affects directly the capability of the NW to handle higher currents. The
higher the diameter the less the flow resistance, which leads to a higher current
flowing. The effect of the various diameter was investigated by measuring the
DC characterization for hybrid nanoelectrodes photomixer based on 300 nm
Ag-NW and graphene islands. The measurement results showed a maximum
photocurrent of 5.3 mA, a small dark current of 26 nA, and an on/off ratio of
approximately five orders of magnitude, as shown in Figure 7.24. The gen-
erated photocurrent of the hybrid nanoelectrodes photomixer showed one
order higher generated photocurrent as compared with that of the photomixer
with graphene islands. This increase in the generated photocurrent by using
the 300 nm Ag-NW instead of the 120 nm Ag-NW is attributed to the bigger
diameter of the NW, which allows higher current flowing per cross-section, see
Figure 7.25. Consequently, the higher the flowing generated photocurrent the
higher the radiated THz power will become.
Furthermore, the DC measurement showed that the generated photocurrent
of the photomixer with hybrid nanoelectrodes based on 1 × 1 µm2 graphene
islands and 300 nm Ag-NWs is twice higher than the generated photocurrent
of the interdigitated graphene photomixer, as shown in Figure 7.26. This
indicates that the hybrid nanoelectrodes photomixer based on 1 × 1 µm2
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FIGURE 7.25: Comparison of the generated photocurrent for the photomixer with
hybrid nanoelectrodes based on 1 × 1 µm2 graphene islands and 300 nm Ag-NWs
and the photomixer with graphene islands.
FIGURE 7.26: Comparison of the generated photocurrent for the photomixer with
hybrid nanoelectrodes based on 1 × 1 µm2 graphene islands and 300 nm Ag-NWs
and the interdigitated photomixer with 6-8 layers graphene.
graphene islands and 300 nm Ag-NWs can radiate a higher THz output signal
than the interdigitated graphene photomixer due to the combined benefits of
the nanocomponents.
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FIGURE 7.27: Comparison of the THz output signal measurement of the photomixer
with hybrid electrodes (N+SLG/Ag-NW) and a conventional interdigitated metal
photomixer.
7.5 THz Signal Measurements and Results
1. Hybrid nanoelectrodes Based on Ag-NW and Graphene Flakes
The setup in Figure 4.10 was used to measure the THz output signal of the
hybrid nanoelectrodes photomixer. The range between 200 GHz and 1 THz
was covered by changing the frequency difference between the two DFB-LDs.
The same total beat signal of the DC characterization was used to illuminate
the active area. The generated photocarriers were accelerated by applying a
bias voltage of 14 V between the photomixer contacts.
As expected from the results of the DC measurements, a significant improve-
ment is obtained in the THz measurement results due to the use of hybrid
electrodes instead of the interdigitated metal finger electrodes. The lock-in
signal level is clearly increased for the whole THz measurement range (see
Figure 7.27).
Figure 7.28 shows how much the performance was improved over the entire
measurement range for THz photomixer by using graphene flakes and Ag-NW
as hybrid nanoelectrodes instead of conventional metal electrodes. The hybrid
nanoelectrodes photomixer shows more than twice at the low frequencies and
a factor of more than three times at high frequencies higher THz output signal
than what can be obtained by the conventional interdigitated photomixer. The
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FIGURE 7.28: The ratio of the performance of the photomixer with hybrid electrodes
(N+SLG/Ag-NW) and a conventional interdigitated metal photomixer over the
whole spectral range of the measurement.
increase in the THz output signal allows for the photomixer to operate the
broadband THz source for much broader frequencies than that of the conven-
tional interdigitated photomixer under the same antenna specifications.
The increase in the generated photocurrent leads to an increase in the THz
output signal for the hybrid nanoelectrodes photomixer by a factor of more
than twice at low frequencies and more than three times at high frequencies
than the conventional interdigitated photomixer. This increase in the relative
output power allows the new photomixer with a hybrid nanoelectrodes pho-
tomixer to operate for a broader range of frequencies. The enhancement in the
generated photocurrent and measured THz signal is attributed to the trans-
parency of the graphene, which increases the illuminated area and improves
the optical conversion efficiency. Besides the increased number of photogen-
erated carriers, the field enhancement between graphene flakes allowed the
fast carrier drift to the Ag-NW. The small contact area of the NW electrodes
leads to higher THz power and increased cut-off frequencies. Furthermore,
NWs also provide the capability to handle higher currents without damaging
the device.
2. Hybrid Nanoelectrodes Based on 1 × 1 µm2 Graphene Islands and Ag-NW
A total optical beat power of 30 mW was used to illuminate the active area of the
hybrid nanoelectrodes photomixers, while a bias voltage of 15 V was applied
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FIGURE 7.29: Comparison of the THz output signal for the photomixer with hybrid
nanoelectrodes based on 1 × 1 µm2 graphene islands and 120 nm Ag-NWs and the
conventional interdigitated photomixer.
between the antenna contact to accelerate the generated photocarriers. The
performance of each photomixer was compared with a conventional interdigi-
tated photomixer. The measurement scan was performed using the python
program with 5 GHz frequency steps to obtain a highly accurate measurement.
The hybrid nanoelectrodes photomixer, which consists of 120 nm Ag-NW
and graphene islands, shows approximately one order higher relative output
power than that of the conventional interdigitated photomixer, as shown in
Figure 7.29. On the other hand, the hybrid nanoelectrodes photomixer based
on 300 nm Ag-NW and graphene islands shows more than one order higher
relative output power in comparison with that of the conventional interdigi-
tated photomixer, as shown in Figure 7.30. The enhancement of the relative
output power of the hybrid nanoelectrodes photomixer is attributed to the
high transparency and conductivity of graphene, which combined with the
high capability of the Ag-NW to handle very high current densities despite the
small size of the Ag-NW. As the simulation predicted, the local recombination
of the graphene islands reduces the transport path of the generated photocar-
riers and reduces the carrier lifetime. Furthermore, the local plasmonic field
around the graphene islands creates good sources of generated photocarriers
resulting in high drift current densities. Additionally, the big size of the islands
which touch the Ag-NW provides an increase in the value of the surface current
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FIGURE 7.30: Comparison of the THz output signal for the photomixer with hybrid
nanoelectrodes based on 1 × 1 µm2 graphene islands and 300 nm Ag-NWs and the
conventional interdigitated photomixer.
FIGURE 7.31: The ratio of the performance of the hybrid nanoelectrodes photomixer
using Ag-NW (∅ = 120 nm) and (∅ = 300 nm), and a conventional interdigitated
metal photomixer over the whole spectral range of the measurement.
flow between the graphene islands and Ag-NW. In this sense, The drifted cur-
rent will be captured spontaneously by the Ag-NW due to the presence of the
SPP of the Ag-NW. Therefore, the Ag-NW serves as a highly capable transport
waveguide for the high current densities and increases the irradiated THz wave.
Figure 7.31 shows the ratio of the performance of each hybrid nanoelectrodes
photomixer to the performance of the conventional interdigitated photomixer.
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FIGURE 7.32: Comparison of the THz output signal for the hybrid nanoelectrodes
photomixer using Ag-NW (∅= 300 nm) and the interdigitated 6-8 layers graphene
photomixer.
Additionally, Figure 7.31 shows how much the performance was improved over
the entire measurement range for THz photomixer by using various Ag-NWs
and graphene islands as hybrid nanoelectrodes instead of conventional metal
electrodes. Because of the higher capability of the Ag-NW with a diameter of
300 nm than the Ag-NW with a diameter of 120 nm, the hybrid nanoelectrodes
photomixer, which consists of Ag-NW with a diameter of 300 nm and graphene
islands, shows higher output power than its competitor.
The measured THz signal of the hybrid nanoelectrodes photomixer based
on 1 × 1 µm2 graphene islands and 300 nm Ag-NW was compared with the
Measured THz signal of the interdigitated 6-8 layers graphene photomixer.
The THz signal of the hybrid nanoelectrodes photomixer based on 1 × 1 µm2
graphene islands and 300 nm Ag-NW is one order of magnitude higher than
the THz signal of the interdigitated 6-8 layers graphene photomixer, especially
between 500 GHz to 1 THz, as shown in Figure 7.32. This enhancement in
the device radiation is attributed to the optical and electrical properties of
graphene and Ag-NW. The high transparency and conductivity of graphene
allow generation and drift off more vectors into Ag-NW. While the Ag-NW
provides a high capability to handle the high current density, which results in
high output radiated THz power.
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7.6 Summary
The measurement results of THz photomixers with hybrid nanoelectrodes based
graphene and an Ag-NWs material have shown unique properties and a high po-
tential for advance THz sources. Due to the high transparency of graphene, a high
number of photocarriers can be generated. Graphene islands of good dimensions
design enhance, on one hand, the electric field by reducing the mean free path of
the generated photocarriers and reduce the carrier transit time. On the other hand,
enhances the surface current flow, which allows the photocarriers to be captured
easily by the Ag-NW nanoelectrodes. Ag-NWs, Despite their very small physical di-
ameters, provide a significant capability to handle high drifted current densities. The
measurement results have shown that a high generated photocurrent of 2.58 mA can
be reached for the hybrid nanoelectrodes photomixer based on Ag-NW (∅= 120 nm)
and 1 × 1 µm2 graphene islands. The high generated photocurrent enables the
device to radiate approximately more than one order of magnitude of relative THz
power higher than that of the conventional interdigitated photomixer. Additionally,
the measurement results have also shown that the various diameters for the Ag-NW
nanoelectrodes affect directly the capability of the NW to handle even higher pho-
tocurrents. Where the higher the generated photocurrent the higher the radiative
THz wave. The hybrid nanoelectrodes photomixer based on Ag-NW (∅= 300 nm)
and 1 × 1 µm2 graphene islands has shown a maximum reliable photocurrent of
5.3 mA, which allows 50 times higher radiative the THz power than the conventional
interdigitated photomixer. Furthermore, the hybrid nanoelectrodes photomixer
based on 1 × 1 µm2 graphene islands and 300 nm Ag-NW has shown an even higher
THz signal than that of the interdigitated 6-8 layers graphene photomixer. The hy-
brid nanoelectrodes photomixer based on 1 × 1 µm2 graphene islands and 300 nm
Ag-NW has shown one order of magnitude higher than the THz signal of the inter-
digitated 6-8 layers graphene photomixer. The measurement results have a good
agreement with the simulation results. Further fabrication optimization, opens a




Terahertz photomixers with nanoelectrodes based on graphene or hybrid nanoelec-
trodes based on graphene and Ag-NW were investigated in this work. The work in
this dissertation was divided into three groups, depending on the function of the
fabricated THz photomixer.
The first group has concerned with fabricating THz sources dependent on pho-
tomixer devices. These photomixers were fabricated using graphene with a various
number of layers in various nanoelectrodes designs. Simulation and measurement
results have confirmed that the THz photomixers with graphene nanoelectrodes are
far superior to the conventional interdigitated competitors in general, where the
high transparency of graphene material affects directly on the number of generated
photocarriers and increase the generated photocurrent. Furthermore, the high ther-
mal conductivity of graphene allows the generated optically and electrically local
heat in the small active area of the photomixer to dissipate into the large antenna
material. Lateral heat dissipation of the graphene material improves the reliability
of the devices. The device reliability was shown by the standing devices under a high
bias voltage.
Nanoelectrodes design has an essential influence on the value of the generated
photocurrent and the radiative THz power. Numerical and simulation calculations
showed that reducing the nanoelectrodes width reduces the device capacitance. The
2D graphene nanoelectrodes photomixers with 1 µm single gap in 5 × 5 µm2 active
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area have half of the device capacitance of 2D graphene nanoelectrodes photomixers
with 1µm single gap in 10× 10µm2 active area. Accordingly, they exhibit three times
higher photocurrent and one order of magnitude higher THz output signal than that
of the 2D graphene nanoelectrodes photomixers with 1µm single gap in 10× 10µm2
active area. The 2D graphene nanoelectrodes photomixers with 1 µm single gap
in 5 × 5 µm2 active area show one order on magnitude higher photocurrent and
more than one order of magnitude higher THz output signal as compared with the
photocurrent and THz output power of the conventional interdigitated photomixers
in the entire measurement range.
On the other hand, Interdigitated graphene photomixers exhibit higher photo-
conductive gain because of the shorter transport time required for the carriers to
travel from a finger to another. This leads to generating a higher photocurrent than
the 10 × 10 µm2 active area of 2D graphene photomixers with the same antenna
design. According to the increase in the generated photocurrent, the interdigitated
graphene photomixers have shown twice relative THz output power higher than
that of the 10 × 10 µm2 active area of 2D graphene photomixers.
The electrical (sheet resistance) and optical (transparency) properties of the mul-
tilayer graphene depend on the number of graphene layers, which affects directly the
performance of the photomixer. The higher the transparency of thinner graphene
the higher the illuminated effective area, the higher the number of generated photo-
carriers. However, a thicker graphene layer is required to carry high current density
and enhance performance and manufacturing reliability. In this sense, the DC char-
acterization demonstrates that the 3-5 layers graphene exhibits higher transparency
than 6-8 layers graphene, but the 6-8 layers graphene showed a preference to handle
higher current densities, which shown at a higher bias field. Interdigitated graphene
photomixer using 6-8 layers graphene showed a higher THz output signal than the
THz output signal of the same interdigitated graphene photomixer using 3-5 layers
graphene under a high bias field (15 V), which is one order of magnitude higher than
the THz output signal of the conventional interdigitated photomixer.
The second group of THz photomixer has concerned with fabricating THz pho-
todetectors based on interdigitated graphene nanoelectrodes. The high transparency
of graphene increases the number of generated photocarriers, which are modu-
lated by the THz induced bias field. The measurement results have shown great
enhancement of THz detection using a photomixer with interdigitated graphene
nanoelectrodes instead of metal electrodes. The interdigitated graphene photomixer
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has detected more than one order of magnitude higher THz induced photocurrent
than that of the conventional interdigitated photomixer. Furthermore, due to the
use of the graphene nanoelectrodes, the graphene photomixer receiver was able
to detect twice the spectral range of the detected THz beam by the conventional
interdigitated photomixer.
The final group of this work was concerned with the use of combined nanomate-
rials as hybrid nanoelectrodes to enhance the performance of the photomixer. The
hybrid nanoelectrodes were based on Ag-NWs with various dimensions and various
types of graphene materials. Besides the increased photocurrent due to the high
transparency of graphene, the high electrical conductivity of graphene enhances
the transportation of the generated photocurrent into the Ag-NW. Despite the low
fill factor of the Ag-NW nanoelectrodes provide the capability of handling rather
high currents, leading to high THz output signals. Simulation results have shown
a great improvement in the nanoelectrodes conductivity and surface current flow
utilizing graphene and Ag-NW as hybrid nanoelectrodes. Hybrid nanoelectrodes
photomixers have shown more than one order higher THz output signal. The in-
crease in the THz output signal of the hybrid nanoelectrodes photomixer as a THz
source indicates that the hybrid nanoelectrodes photomixer can operate in higher
frequency ranges compared to the conventional interdigitated photomixer.
The simulation and measurement results for all groups indicate that the THz
photomixers with nanoelectrodes have a better performance than the conventional
interdigitated photomixers in general. This preferable performance of the nano-
electrodes photomixer opens the door to employ these photomixers in the many
applications of interest in sensing, security, imaging, and many others.
This work opens new research directions in THz photomixers using the nanoelec-
trodes which can be improved and optimized further. Some of the suggested future
work is summarized here:
1. New graphene transfer method The graphene transfer method is a simple tech-
nology to place the graphene layer on another host substrate. However, the
method is not accurate and does not guarantee the same surface homogeneity
and adhesion to the new substrate. Additional investigations on the graphene
transfer technique will improve the device’s reliability furthermore. The opti-
mization of the surface homogeneity and the adhesion of the graphene will
allow an advanced design for graphene-based plasmonic enhancements.
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2. New graphene nanoelectrodes configurations Various graphene nanoelectrodes
configurations illustrated in this dissertation have led to a significant difference
in the performance of nanoelectrodes photomixers from several aspects. New
configuration designs combine high optical/electrical conversion, plasmonic
light confinement, and higher obtainable photoconductive gain. Different
interdigitated fingers with different space gaps, such as using eight fingers, or
using comp configuration, enhance the light confinement and increase the
obtained photoconductive gain.
3. New hybrid nanoelectrodes configurations Using various graphene matrices to
enhance the plasmonic designs. The graphene matrix with various squares or
circles with various space gaps will confine the laser intensity and enhances
the drifting it into NW nanoelectrodes.
4. Optimization of the nanowire disposition The nanowire alignment can still be
optimized for better control of nanowire type, size, and position. This can
be investigated using dielectrophoresis, optical tweezer, or other methods.
The alignment control is essential for advanced hybrid configurations, such
as multiple nanowire alignment with graphene islands in a very precise and
accurate position.
5. Using graphene as an active material Design and implement THz sources and
detectors using graphene as an active material. Active graphene enhances
supporting tightly confined propagation of THz signals, with tailored phase
velocity and characteristic impedance, and increases the compactness of the
THz devices.
6. New antenna design Different broadband antenna designs can be investigated
to modify the nanoelectrodes’ dimension and location in the photomixer. The
advantage of the dimension of the nanoelectrodes can be used to extend the
antenna operating frequency.
7. Various laser sources and photoconductive materials Investigate the nanoelec-
trodes photomixer performance using the telecom laser wavelength 1550 nm
with respective active material like ErAs:GaAs.
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8. pulse operation system Investigate the performance of the nanoelectrodes pho-
tomixer using pulse operation. The light confinement and the optical/electri-
cal conversion of the new nanomaterials photomixer can improve the charac-
teristics of the pulsed THz sources and detectors for special application.
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CST Computer Simulation Technology (Simulation software)
CVD Chemical Vapor Deposition
CW Continuous-waves
DFB-LDs Distributed Feedback Laser Diodes
DR Dynamic range





Ino i s e Noise current
Is i g na l Signal photocurrent
ITO Indium tin oxide
LTG-GaAs Low-temperature-grown GaAs
N+SLG Nitrogen-doped single-layer Graphene Flakes
Ni Nikal




SDBS Sodium Dodecyl Benzene Sulfonate
SPP Surface Plasmon Polaritons
S-TCAD Silvaco TCAD Software (Simulation software)
TEM Transmission Electron Microscopy
THz Terahertz
Ti Titanium
TTG Trivial Transfer Graphene
XRD X-ray Diffraction
Symbols
A Electrode contact area
Aa c t Device active area
C Device capacitance
c Speed of light (2.99792458×108 m·s−1)
d Total contact length of the photoconductor
E Electric field of the optical light signal
e Electron charge (1.60217646×10−19 C)
Eb e a t (t ) Electric field of the optical beat signal
Gd a r k Dark conductance
Gp h (t ) photoconductance
Gr Generation rate
Gt o t a l (t ) Totat photoconductance
H Physical thickness of the LTG-GaAs
h Planck’s constant (6.62607004 × 10−34 m2kg/s)
Id e t Detected current
Ip h (t ) Photocurrent
K (k ) Complete elliptical integral of the first kind
l Photocarriers transport path length
L f Finger length
m Mixing efficiency
nc (t ) Photocarriers density
N◦ Photo flux
112 Symbols
φ Phase difference between the two optical signals
P (t ) Incident optical beat power
PT H z (t ) THz power
R ( f ) Resposivity at a certain chopping frequency
RA Antenna resistance
S1,1 Reflection coefficient
SE l e Separation gap between the electrodes
Sg Spacing gap between the fingers
t Time
TM LG Multilayer graphene thickness
TS LG Singl-layer Graphene thickness
Vb i a s Bias voltage
Vd e t Detected voltage
VT H z THz voltage
WE l e Electrode width
Wf Finger width
α Absorption coefficient
∆ϕ Phase difference between the THz wave and the optical beat
∆ f Frequency difference
∆L Path difference
εe f f Effective permittivity
ε0 Absolute permittivity (8.8541878×10−12 F·m−1)
εr Relative permittivity
η Quantum efficiency
ηa b Absorption efficiency factor
λ Wavelength
µc Carrier mobility
νT H z THz frequancy





ωT H z Intermediate freqency signal in THz region
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